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At the direction of the U.S. Department of Energy’s Wind Energy Technologies Office (WETO), the 
National Renewable Energy Laboratory (NREL) and Pacific Northwest National Laboratory (PNNL) 
initiated the U.S. Offshore Wind Synthesis of Environmental Effects Research (SEER) project. This 
multiyear collaborative effort engaged domestic and international experts to explore priority topics 
related to the environmental effects of offshore wind (OSW) energy development; synthesized the 
current state of knowledge about environmental effects; and disseminated information through 
educational research briefs, webinars, and workshops. The objectives of this project were to 
summarize knowledge from research in other regions and industries to inform the understanding 
of OSW energy environmental effects in U.S. waters and identify areas for further research. The 
geographic bounds of this study were limited to the U.S. Atlantic Coast and Pacific Coast (California, 
Oregon, and Washington).

Seven priority topics were identified through extensive outreach and engagement with the OSW 
community to further develop into educational research briefs about environmental effects of OSW 
energy in the United States. The briefs summarize the state of knowledge about these topics for a 
nontechnical audience. Each brief succinctly describes the current understanding of environmental 
effects, monitoring tools, assessment methods, and mitigation strategies for OSW energy 
development based on existing research from around the world. Each brief examines which findings 
are anticipated to be applicable to the U.S. Atlantic and Pacific Coasts for both fixed-bottom and 
floating OSW structures. This booklet details the methods and process for developing the priority 
topics, compiles the seven briefs, and provides a glossary of terms used in the briefs.

1.0 INTRODUCTION
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The SEER educational research briefs were developed with input and review from various stakeholders, 
the Science and Technology (S&T) Advisory Committee, and subject matter experts (SMEs).

2.1 Stakeholder Engagement To Identify Topics
The SEER team developed a list of priority topics during the initial stakeholder outreach phase of 
the project. Between October 2019 and January 2020 the team solicited feedback from numerous 
stakeholders about the key environmental considerations relevant to OSW development on the 
U.S. Atlantic and Pacific Coasts. Input was received from stakeholders through phone and in-person 
interviews (14 interviews), webinar participation (65 participants), and Google form submissions (57 
responses). A consolidated list of topics was identified based on results across stakeholder engagement 
activities. The topics covered a range of stressor-receptor interactions (e.g., collision risk and birds, 
underwater noise and marine mammals), technology considerations (e.g., cables, fixed and floating 
turbines, vessels), and cross-cutting themes (e.g., environmental monitoring, cumulative impacts).

In consultation with the S&T Advisory Committee, the SEER team refined which priority topics to 
focus on. Between February and August 2020, the list of topics was refined through an exercise that 
prioritized topics based on stressor, receptor, and mechanism of disturbance (e.g., new turbines 
(stressor) affecting birds (receptor) through displacement). The S&T advisors were invited to provide 
written comments and feedback in an accompanying workbook. Advisors returned completed 
workbooks and the results were compiled into a list of priority topics based on average rankings for 
each stressor-receptor interaction. Topics were distinguished, in part, based on effects that are of high 
concern for stakeholders and for which there are published materials available to summarize, versus 
impacts that are of high concern but for which there is currently little to no published information. 

2.2 Educational Research Brief Topics

   RESEARCH BRIEF TOPIC

Bat and bird interactions with offshore 
wind farms 

Presence of vessels and the effects of 
vessel collision on marine life

Risk to marine life from marine debris and 
floating offshore wind cable systems

Underwater noise effects on marine life 
associated with offshore wind farms

Introduction of new offshore wind farm 
structures and the effects on fish ecology

Electromagnetic field effects on marine life

Benthic disturbance from offshore wind 
foundations, anchors, and cables

MAIN STRESSORS

Wind turbines

Vessels

Cables in the water column

Pile driving, noise (all types, all phases)

Foundations, anchors, cables

Cables

Foundations, anchors, cables

MAIN RECEPTORS

Birds, bats

Marine mammals, sea turtles

Marine mammals, sea turtles

Marine mammals, fish, sea turtles

Fish, invertebrates

Fish, invertebrates

Habitat, ecosystem, invertebrates, fish

2.0 METHODS

6
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The SEER team synthesized the rankings from the S&T Advisory Committee along with the initial 
priority topics identified to provide a final list for the educational research briefs (see table above). 
All initial priority topics were explicitly incorporated in some way into the final list of briefs, except in 
two cases. In the case of monitoring technologies and cumulative impacts, the SEER team decided 
to treat these not as individual briefs but as cross-cutting themes that are applicable to all briefs. 
Briefs were drafted, reviewed, and individually published on the Tethys website from February 2021 
to June 2022.

2.3 Literature Review
The state of knowledge around each topic area was explored through a comprehensive literature 
review of peer-reviewed articles, technical reports, and grey literature. The literature review was 
conducted through Web of Science, Tethys, and Google using predefined search terms specific to 
the topic area and a starting year of 1985. Each resource that was identified during the search was 
evaluated to determine if it is relevant to the environmental effects of OSW energy development or 
an analogous industry. Metadata for relevant sources were then entered into a spreadsheet along 
with an abstract. The list of relevant literature sources for each topic area was sent to at least two 
external SMEs who provided a review and added resources that were missing from the list (see 
Acknowledgements).

2.4 Writing and Review Process
After compiling the relevant literature, authors from the SEER team synthesized the state of the 
science in the form of educational research briefs and circulated them for review. The briefs were 
first reviewed internally by the entire SEER team and then sent to at least two SMEs for a peer 
review of the technical content. Subject matter experts were selected based on their expertise, 
involvement in recent studies in the topic area, and publication of relevant reports or peer-reviewed 
articles. For each topic, the SEER team invited at least one SME with a focus on European OSW 
energy development and at least one SME with a focus on U.S. OSW energy development. The 
SMEs provided thorough reviews of their assigned brief, and the SEER team revised the briefs to 
address SME comments. Next, each brief was sent to the S&T Advisory Committee for members 
to provide comments and edits on the briefs with a focus on content and overall messaging. 
Simultaneously, WETO reviewed each brief and provided their feedback. Lastly, each brief was 
reviewed by technical editors and formatted into a graphical layout. The briefs were published 
individually on Tethys as they were completed and then distributed to the greater OSW community 
via the Tethys Blast newsletter.

This booklet presents all the SEER educational research briefs together in a single document. The 
following sections contain the briefs listed in order of volant species, pelagic species, and primarily 
benthic (or benthopelagic) species. A glossary of terms used in the briefs is included at the end of 
this booklet for reference.



MAIN TAKEAWAYS
 • There is limited information on the risks to bats and birds from offshore wind turbines in North America, making 
it difficult for decision makers to site and operate wind farms that minimize potential collision risk and behavioral 
changes while maximizing wind energy production.

 • Existing data from North America and Europe indicate that bats, particularly migratory tree-roosting species, 
approach and interact with land-based wind turbines, increasing their susceptibility to collisions. These interactions 
may also occur at offshore wind turbines. For some seabirds, such as terns and gulls, there is concern about 
potential collision risk. Other species, such as gannets and razorbills, may avoid or be displaced by wind farms.

 • Monitoring bat and bird interactions at offshore wind turbines will require a combination of approaches, such as 
visual surveys, radar, cameras, strike indicators, tracking devices, and acoustic detectors, to determine species 
composition, assess behavioral changes, and detect collisions.

 • Collision risk models may be an important tool for predicting collision risk for birds. The models are useful in 
comparisons across wind farms, wind turbine types, or species. They require specific data for different categories 
of birds (e.g., body size, flight height, and flight speed), avoidance behavior, and turbine characteristics, but the 
underlying assumptions are difficult to validate.

 • Factors that may result in avoidance or attraction, such as lighting, wind turbine characteristics, turbine spacing,  
and proximity to high-use areas, should be considered when siting offshore wind farms. 

 • Minimization strategies that have successfully reduced bat and raptor collisions at land-based wind farms, such as 
curtailment and deterrents, need to be validated for offshore bat and bird species and modified to withstand the 
harsh marine environment.

BAT AND BIRD 
INTERACTIONS WITH 
OFFSHORE WIND FARMS

Please visit Tethys to view the literature reviewed to inform the development of this research brief.

3.1

https://tethys.pnnl.gov/summaries/bat-bird-interactions-offshore-wind-energy-development


Compilation of Educational Research Briefs  //  September 2022

9

Offshore wind (OSW) energy development may 
represent a new risk to bats and birds using the 
airspace off the U.S. Atlantic and Pacific Coasts. The 
risks may include collision mortality or behavioral 
changes, such as avoidance and attraction. Given 
the limited OSW deployment in the United States, 
potential risk can be initially evaluated based on 
information from interactions of bats and birds 
with OSW turbines in Europe, known offshore 
movement patterns of bats and birds, and land-
based wind farms in the United States. Worldwide, 
studies at OSW farms have reported no bat 
fatalities and only a handful of bird fatalities, but 
data are limited. The lack of information stems from 
the absence of a practical approach to measure 
collision-related mortality in an offshore setting. 

Specifically for the United States, uncertainty also 
stems from limited OSW deployment to date and a 
scarcity of information on baseline activity patterns 
and behavioral responses of species potentially 
vulnerable to collision and/or behavioral changes.

Across the United States and Canada, hundreds 
of thousands of bats are killed by land-based 
wind turbines each year. Of the 45 species of bats 
occurring in these two countries, 22 are represented 
in fatalities at land-based wind farms. Three 
species—all long-distance migratory tree-roosting 
bats, including eastern red bats, hoary bats, and 
silver-haired bats (Figure 1.1)—constitute 78% 
of reported fatalities, with hoary bats making up 
nearly 38%. Given estimates for future wind energy 

TOPIC DESCRIPTION

Figure 1.1 The silver-haired bat is a common migratory bat found across North America. Photo by Cris Hein, National 
Renewable Energy Laboratory.

In North America, information regarding interactions of bats and birds 
with offshore wind turbines is limited, making it difficult for decision 
makers to site and operate wind farms to minimize collision risk and 
behavioral changes while maximizing wind energy production.
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Bats
Within a wind farm, the greatest risk for bats 
is being struck by fast-moving turbine blades. 
Bats rarely collide with stationary structures 
such as buildings, communications towers, and 
nonoperating wind turbines. In addition, growing 
evidence indicates mortality from barotrauma, or 
lethal exposure to pressure variations that occur 
around wind turbine blades, is unlikely to be a 
significant contributor to bat mortality. 

Collision risk for some species of bats may be 
greater because of their apparent attraction to wind 
turbines. There are several hypotheses on why bats 
approach and interact with wind turbines, including 

the influence of the surrounding landscape and 
habitat, prey distribution, environmental conditions, 
physical presence of the wind turbines, and 
physiological phenomena (see table below). It 
remains unclear whether these or potentially other 
factors apply to OSW development; however, if 
bats exhibit attraction behaviors in response to 
OSW farms as they do at land-based wind farms, 
the risk of collision may increase. 

In the United States, bat fatalities at land-based 
wind farms are associated with certain conditions. 
They occur only at night, predominately over a 
3-month period from mid-July to mid-October, and 
primarily during relatively low wind speeds (e.g., 
less than 5 meters per second [m/s], or 11 miles per 

MAIN RISKS & EFFECTS

development, the fatality rate at land-based wind 
farms, and low reproductive potential, population 
models indicate that at least one species, the hoary 
bat, could become extinct by 2050 if sufficient 
mitigation measures are not implemented.

More than 300 species of birds (mostly songbirds) 
have been reported as fatalities at land-based 
wind farms across the United States. The annual 

estimated mortality is in the hundreds of thousands. 
Species of concern for collision mortality at OSW 
turbines include gulls and jaegers. Some resident 
and migrating species may avoid entering or 
passing through OSW farms, whereas other species 
have shown attraction. Conditions such as prey 
availability, weather, time of day, visibility, and wind 
farm configuration may influence avoidance rates 
and the extent of movement around the wind farm.

Attraction hypotheses for bats and land-based wind farms. 
Adapted from Kunz et al. 2007, Cryan and Barclay 2009, and Guest et al. 2022.

   INFLUENCE

Landscape and habitat

Prey distribution

Environmental conditions

Physical presence

Physiological phenomena

ATTRACTION HYPOTHESIS

Bats may be attracted to certain landscape features in the vicinity of wind farms, 
such as forest habitat or water. Bats may also perceive wind turbines as potential 
roosting or mating habitat.

Bats may be attracted to insect prey that aggregate in the vicinity of wind turbines.

Environmental conditions, such as low wind speed and temperature changes, may 
aggregate bats in the vicinity of wind turbines.

Bats may be attracted to the lights or rotation and sound of spinning turbine blades.

Bats may be unable to detect the movement and speed of rotating wind turbine 
blades or become disoriented due to the electromagnetic fields. Wind flow patterns 
from wind turbines may resemble that of tall trees. 

10

https://tethys.pnnl.gov/publications/ecological-impacts-wind-energy-development-bats-questions-research-needs-hypotheses
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hour [mph]). Studies investigating bat activity and 
movement offshore have reported lower overall 
activity levels but similar patterns relative to season 
and weather conditions. Along the Atlantic Coast, 
at least seven species have been recorded offshore, 
including the three migratory tree-roosting bats.
Flight heights recorded offshore range from near 
sea level to more than 200 meters (m) (656 feet 
[ft]) above sea level. Historic observations have 
reported bats as far as 2,000 kilometers (km) (1,243 
miles [mi]) from shore, but more recent recordings 
indicate presence ranging from 5 to 130 km (3 to 
81 mi) and 17 to 42 km (10 to 26 mi) using acoustic 
detectors and aerial digital surveys, respectively. 
Limited data exist for bat occurrence along the 
Pacific Coast, but hoary bats are known to migrate 
offshore and use coastal islands near California 
as stopover locations. In Europe, bat activity at 
OSW farms has been detected during seasonal 
migration, with most activity occurring closer to the 

coast. In a study using acoustic detectors both on 
turbine platforms (17 m/56 ft above sea level) and 
at nacelle height (97 m/318 ft above sea level), the 
majority of bat activity was recorded at the lower 
elevation on platforms, with only 10% of detections 
occurring at nacelle height. 

Similar seasonal activity patterns observed in land-
based and offshore acoustic monitoring studies 
and the predominance of long-distance migratory 
species detected offshore suggest that seasonal 
(e.g., late summer) and weather (e.g., lower wind 
speeds and warmer temperatures) patterns 
of fatality may be comparable onshore versus 
offshore. Whether the magnitude of risk or factors 
associated with attraction are similar at land-based 
and OSW farms remains unknown.

Several hypotheses may explain why bats approach and interact with 
wind turbines, including the influence of surrounding landscape and 
habitat, prey distribution, environmental conditions, physical presence 
of the wind turbines, and physiological phenomena.

Behavioral Responses of Birds to Wind Farms
 • Avoidance: An action taken by a bird to prevent interaction with the infrastructure of a wind farm. 

 • Macroavoidance: Response to the presence of the wind farm, resulting in a redistribution of birds 
outside the wind farm perimeter. 

 • Mesoavoidance: Response to the presence of individual turbines or turbine rows, resulting in a 
redistribution of birds within the wind farm.

 • Microavoidance: Response to the rotor-swept area or blades of a wind turbine, considered to be 
a last-second action to avoid collision.

 • Displacement: Limiting the normal use of an area within or adjacent to a wind farm, such as 
resting, roosting, or foraging habitat. 

 • Barrier Effect: Occurs where a wind farm alters the flight behavior of a bird and prevents it from 
accessing an area. This results in the bird taking an alternate route around the wind farm and thus 
expending additional energy.

11
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Figure 1.2 The Northern Gannet is a seabird found along the U.S. Atlantic Coast and in Europe and northern Africa.

Birds
Hundreds of species of birds use the offshore 
environment, including shorebirds, wading birds, 
pelagic birds, and migratory songbirds. Activity 
for some species may increase during seasonal 
migration, but resident species will use the same 
area during their entire lifecycle, including breeding 
and nonbreeding seasons. Risk to birds from OSW 
turbines may occur day or night, depending on the 
movement patterns of the species.

Birds may adjust their behavior in response to wind 
farms, which has the potential to affect their survival 
or reproductive success. Avoidance can occur at 
multiple scales, including macroavoidance (avoiding 
the entire wind farm), mesoavoidance (avoiding 
turbines or rows of turbines), and microavoidance 
(avoiding the rotor-swept area). Two terms 
associated with macroavoidance are “displacement” 
and “barrier effects.” Displacement occurs when 
birds alter their normal use of the habitat, whereas 
barrier effects occur when birds alter their normal 
flight path or altitude to move around the entire 
wind farm. These behaviors may limit foraging 

and could increase energy use during migration or 
commuting between breeding colonies or foraging 
areas. Microavoidance can be considered an escape 
mechanism or a last-second flight maneuver to 
avoid collision. 

In Europe, avoidance behaviors have been observed 
in several diving species, such as Razorbills and 
Northern Gannets. Along the Atlantic and Pacific 
Coasts of the United States, calculations for 
displacement vulnerability suggested that species 
groups, including loons, sea ducks, grebes, and 
alcids, may exhibit avoidance behaviors. Individual-
based models may be a useful tool in exploring the 
potential avoidance effects of OSW development 
on factors such as body mass, productivity, and 
fatality. One benefit of individual-based models 
is they scale up to population-level impacts to 
consider the cumulative impact within the range 
of a population. One study developed models 
for Northern Gannets (Figure 1.2) at wind farms 
in the English Channel and North Sea. The model 
simulations suggested that the wind farms would 
need to be 10 times larger or located in more highly 
used areas to have a population-level effect.
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Other species may be attracted to wind farms, 
including Great Cormorants and Lesser Black-
backed Gulls, which may increase the likelihood 
of bird interactions with wind turbines. Attraction 
may be associated with potential new roosting 
opportunities. In Europe, Great Cormorants and 
Greater Black-backed Gulls use turbine platforms 
to roost, particularly along the edge of wind farms. 
The presence of wind turbines can also create 
new habitat, which is often called the reef effect. 
New hard substrates like turbine foundations 
are colonized by marine organisms, which then 
increases the presence of fish prey for some bird 
species. Northern Gannets, a species considered 
vulnerable to collision, exhibit both avoidance 
and attraction behaviors. A study in the North 
Sea observed 89% of the GPS-tagged Northern 
Gannets avoided OSW farms, but 11% frequently 
entered the farms when foraging and commuting.

Species considered vulnerable to collision risk 
are known to roost on artificial structures or 
spend a high percentage of their flight time at the 
height of the rotor-swept zone. Spinning turbine 
blades can strike birds as they pass through the 
rotor-swept area; however, unlike bats, birds also 
collide with stationary structures. The likelihood 

of colliding with the static components of wind 
turbines (i.e., the tower, nacelle, or nonrotating 
blades) increases during low-visibility conditions. 
In Europe, recorded offshore collision events 
include an unidentified songbird, a common eider, 
a black-legged kittiwake, and five gulls. In the 
United States, seabirds along the Atlantic Coast 
that are thought to be at potential risk for collision 
include gulls, phalaropes, cormorants, jaegers, and 
skuas (Figure 1.3). On the Pacific Coast, terns, gulls, 
jaegers, skuas, cormorants, and pelicans are some 
species predicted to have elevated collision risk. 
Many species of birds potentially affected by OSW 
energy are already in decline and the potential 
adverse effects of wind turbines on some species 
may compound low productivity and delayed 
breeding. This means that any additional mortality, 
albeit small, could have population-level impacts 
for some species. The potential effect on rare 
and long-lived species, such as albatross, remains 
unknown. In general, mortality on songbirds at 
land-based wind farms is considered relatively low, 
particularly compared to other sources of mortality, 
and large information gaps remain as to the 
potential effects of OSW on songbirds.

Figure 1.3 The Double-crested Cormorant is a seabird found on both the Atlantic and Pacific Coast. Photo by Jeremy Hynes.
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Monitoring
Collecting baseline data prior to OSW development 
is necessary to understand the normal behavior, 
distribution, and movement patterns of bats and 
birds. During and after construction, monitoring 
data collected at the OSW farm can be compared to 
baseline data to determine whether changes exist. 
Boat surveys, high-definition aerial surveys, radar 
surveys, and telemetry can provide data on large-
scale movement patterns and be used to assess the 
abundance, distribution, behavior, passage rates, 
flight speed, and flight height of bats and birds 
offshore. These data, combined with information on 
the wind farm layout and specifications, can be used 
to develop collision risk models (CRMs).

Because few mortality monitoring studies have 
occurred at OSW farms, data on collision events are 
rare. Carcass searches and the use of associated 
statistical tools to estimate mortality at land-based 
wind farms are not possible at OSW farms. Therefore, 
observing behavioral interactions and collision events 
offshore requires remote-sensing technologies. 
Currently, there are no commercially available, 
validated technology or suite of technologies 
that can quantify mortality at OSW turbines, but 
several systems are undergoing validation studies. 
For example, strike indicators paired with thermal 
cameras (Figures 1.4 and 1.5) and acoustic detectors 
are designed to record real-time collision events 
and collect information about the taxon (i.e., bat or 
bird) or species (i.e., hoary bat or eastern red bat). 
Because data are collected in real time, observations 
and collision events can be related to weather and 
operational conditions that could be used to inform 
potential curtailment strategies.

As new technologies are developed and used 
offshore, it is important to understand the benefits 
and drawbacks of different sensors for monitoring bat 
and bird interactions. Several steps are required to 
validate the efficacy of sensors that are either in use 
or under development: 

 • Articulate the biases associated with sensor 
technologies. The biases of detection 
technologies used with OSW turbines should 
be clearly described to improve interpretation 
of the results. For example, bats may not always 
echolocate when commuting, which may affect 
occupancy and activity estimates developed 
from acoustic monitoring studies.

 • Communicate the technical specifications for 
sensor technologies to turbine manufacturers 
and operators so the technologies can be    
safely integrated with the OSW components. 
These specifications should describe (1) where 
the monitoring equipment will be installed 
on the wind turbine, (2) what the power 
requirements are to operate the equipment,   
and (3) whether the technology needs to receive 
and transmit data. 

 • Validate the technologies at land-based wind 
farms prior to implementing them offshore. 
Ensure the technologies are suitable for the 
harsh marine environment.

Each available monitoring technology has 
strengths and weaknesses, but combining multiple 
technologies can help overcome the limitations of an 
individual technology. Single-sensor and multisensor 
technologies are currently being evaluated or used at 
operational wind farms, (see table on page 15). 

MONITORING, MODELING, 
& MITIGATION

Monitoring bat and 
bird interactions with 
offshore wind turbines will 
require a combination of 
approaches to determine 
species composition, 
assess behavioral changes, 
and detect collisions.
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Examples of Commonly Used Monitoring Methods
 • Acoustic detectors: record the vocalizations of bats within approximately 40 m (131 ft) and birds within 100 m 
(328 feet). The range of detection will vary based on the frequency of vocalization (i.e., lower frequency sounds 
travel farther), intensity, and orientation of the animal to the microphone. Data can be used to identify species or 
species groups, characterize seasonal and temporal activity patterns at a local scale, and relate such patterns to 
weather and wind turbine operational conditions. 

 • Boat surveys: record observations of individual animals along transects. Birds flying or on the surface are included. 
The field of view may extend several hundred meters (yards) but will vary based on each observer or the binoculars 
used. Data can be used to determine presence, density, behavior, and flight height. 

 • High-resolution digital aerial surveys: collect imagery from fixed-wing aircraft surveys over large distances (e.g., a 
wind energy facility and surrounding area). Surveys are conducted during daylight hours and require high-visibility 
conditions. Analysis can provide species abundance and distribution. 

 • Cameras: provide observations of animals within the field of view. Visual and thermal cameras are used to record 
data for animals active during the day or night, respectively. The field of view will vary based on the type of 
camera, lens, and positioning on the turbine. Cameras can be positioned on the tower pointing up toward the 
blades or out toward the water, and on the rotor pointing along the length of the blades. Data can be used to 
assess behavioral interactions (e.g., attraction or avoidance) between bats or birds and wind turbines. Cameras can 
often distinguish between birds and bats but are generally not able to identify species. 

 • Radar: tracks moving objects from a few to several hundred kilometers (or miles) away from a wind turbine, 
depending on the type of radar technology (e.g., antenna type, power of the radar signal, and radar wavelength). 
Data on flight height, flight direction, flight speed, and passage rates are recorded. Most radar technologies 
cannot distinguish between bats and birds, and some may not be able to detect smaller animals.

 • Strike indicators: record collision events using sensors installed along the length of each blade. Sensors can 
include microphones and accelerometers. Data can be used to determine the timing of collisions, size of the object 
striking the blade, and where along the blade the collision occurred. Indicators cannot identify the type of animal 
(bird or bat) or species colliding with the blade. 

 • Telemetry: provides information on movement patterns of tagged animals over time. Automated radio telemetry 
requires specialized receiving stations to record the presence of tagged individuals within a few to several 
kilometers (miles). Radio tags are small enough to use on most bats and birds. Satellite telemetry does not require 
receiving stations, but the weight of the tags limits their use to larger species and/or shorter tracking duration. 
Data can be used to identify flight paths, movement corridors, and high-use areas.

Sample of remote-sensing technologies to detect bat and bird 
interactions under evaluation or in use at operational wind farms.

   SINGLE-SENSOR TECHNOLOGIES

VARSa: near-infrared cameras

DTBird: visual or thermal cameras

DTBat: thermal cameras or acoustic detectors

ID-Stat: acoustic impact sensor

ACAMSc: stereo-optic visual cameras with fisheye lenses

B-finder: thermal camera

ThermalTracker: near-infrared cameras (Figure 5)

MULTI-SENSOR TECHNOLOGIES

WT-Bird: accelerometer impact sensors and near-infrared cameras

ATOMb: thermal cameras, visual cameras, and acoustic microphones

Wind Turbine Sensor Unit: accelerometers and contact microphone impact 
sensors, visual and infrared cameras, and acoustic microphones

MUSEd: horizontal radar and thermal or visual cameras

TSVAe: stereo thermal cameras and acoustic microphones

aVARS = visual automatic recording system; bATOM = acoustic and thermographic offshore monitoring system; cACAMS = aerofauna collision 
avoidance monitoring system; dMUSE = MUlti-SEnsor (formerly known as TVADS); eTSVA = thermal stereo vision application.

15
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Figure 1.4 Thermal image of a bat flying near a land-based wind turbine. Photo from Sara Weaver, Bowman Consulting.

Figure 1.5 ThermalTracker camera system for monitoring bats and birds at wind farms. Photo from Pacific 
Northwest National Laboratory.
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Figure 1.6 Parameters used in collision risk models. Graphic by the National Renewable Energy Laboratory. 
Modified from Cook and Masden 2019.

Modeling
Systematic carcass surveys are necessary to 
estimate mortality at land-based wind farms, but 
are not possible for OSW farms. In Europe, where 
OSW energy has been deployed for decades, bird 
carcasses have been reported, yet no systematic 
surveys have been conducted. CRMs can be 
developed to predict risk and inform potential 
exposure. Relative to OSW, these models have been 
developed only for marine birds. 

CRMs use data on the physical description of the 
species (e.g., body size and wingspan) and how 
the animal behaves around wind turbines (e.g., 
avoidance, flight height, flight speed, and activity 
periods). Bird surveys are used to describe the 
number of birds passing through a region and 
the distribution of their flight height, speed, and 
patterns. Characteristics of the wind farm and 
turbines (e.g., blade length and rotor speed) and 
site conditions (e.g., geography and weather) are 
included to estimate the number of bird collisions 
during a monthly or annual cycle (Figure 1.6). The 
model predicts the probability that an animal will 
be in the rotor-swept area of a wind turbine as 
the blade passes through, then applies a species-
specific avoidance rate to the interactions to 
determine the number of instances where an 
individual animal will be in that location instead 

of avoiding it. CRMs are flexible in scale and have 
been used to estimate population-level impacts at a 
regional scale or fatalities of a particular species at a 
proposed wind farm.

Several CRMs are available, but the most widely 
used is the Band model, which was published in 
2012 and later updated to include methods for 
quantifying uncertainty. CRMs are particularly 
useful in a relative sense to compare results among 
species or OSW farms. In the Belgian North Sea, 
a wind farm zone comprising nine farms and 399 
turbines used CRMs to estimate 70 fatalities per 
year; the highest estimated fatalities were for 
Greater and Lesser Black-back Gulls. It is important 
to note that absolute numbers derived from CRMs 
should be interpreted with caution, given the 
uncertainties of the input variables. 

CRMs are sensitive and can vary dramatically with 
small changes in the input data and underlying 
assumptions. For example, a change from 0.98 to 
0.99 for the avoidance rate can decrease estimated 
collision by half for seabirds. Improvements to CRMs 
continue, with one study reporting that the use 
of GPS-derived flight speed rather than a generic 
value reduced the predicted number of collisions. 

https://tethys.pnnl.gov/publications/wildlife-wind-farms-conflicts-solutions-volume-4-offshore-monitoring-mitigation
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Mitigation
Developing cost-effective approaches to mitigate 
impacts will be necessary if OSW farms present a 
significant risk to bats and birds. Mitigation includes 
avoidance, minimization, and compensatory 
measures. A comprehensive knowledge of the 
species presence, use patterns, and ecological 
drivers behind spatial distribution and behavioral 
interactions with wind turbines is essential in making 
informed siting decisions that maximize avoidance. 
Siting facilities away from high-use areas may help 
reduce impacts. Considering the size and shape of 
the wind farm and wind turbine spacing may also 
reduce displacement and barrier effects. Minimizing 
lighting and limiting perching opportunities for 
birds are known to decrease potential attraction for 
some species.

Minimization strategies to reduce collisions, such 
as curtailment of wind turbine operations and 
deterrents, are being studied at land-based wind 
farms (Figure 1.7). Curtailment for bats has proven 
effective during low-wind conditions. However, 
if OSW farms are in regions with relatively high 
average wind speeds (for example, >10 m/s, or 
22 mph), and risk of bat collision is low, then 
curtailment may not be necessary. There are 

promising results using targeted smart curtailment 
to reduce Golden Eagle and Griffon Vulture 
mortality, but the effectiveness of curtailment for 
other species of birds, including those using the 
offshore environment, is not well studied. One 
challenge to implementing curtailment is the loss 
of energy production from the wind turbines, but 
there are ongoing efforts to optimize curtailment 
(e.g., basing it on real-time detections and weather 
conditions) to make it more cost-effective. 

Alternatively, deterrents allow wind turbines 
to operate normally with no impact to energy 
production. Visual deterrents, including the use of 
ultraviolet light or painting a single turbine blade 
black, may alert flying animals to the presence 
of wind turbines. Audible noise deterrents for 
birds typically are not successful, as individuals 
can become habituated to the sound. Ultrasonic 
deterrents mounted on the nacelle of wind turbines 
have mixed results for deterring bats and more 
research is needed to demonstrate consistent 
reductions in mortality. One of the challenges of 
using ultrasound is projecting the signal far enough 
to dissuade bats from approaching wind turbines, 
which becomes increasingly challenging as blade 
length increases. Given the longer blade length for 
OSW turbines, blade-mounted deterrents may help 

NEED STOCK PHOTO 
(SHUTTERSTOCK)Figure 1.7 Deterrent technologies are one potential minimization strategy to keep bats and birds from approaching 

wind turbines. Graphic by the National Renewable Energy Laboratory.
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Curtailment 
Curtailment for wildlife involves feathering the wind turbine blades (i.e., adjusting the angle of the 
blades parallel to the wind) and increasing the cut-in speed of the turbine (i.e., the wind speed at 
which the turbine blades begin to spin and produce energy) to prevent turbine rotors from spinning 
during periods of risk. 

Understanding when species interact with and collide with wind turbines can inform when to 
implement curtailment. For example, bat mortality only occurs at night and tends to be highest during 
lower wind speeds in late summer and early autumn. Based on those data, a hypothetical curtailment 
scenario could be to feather the turbine blades and raise the cut-in speed to 5 m/s (11 mph) between 
July 15 and September 30. Smart curtailment strategies can use site-specific bat activity data or 
additional weather parameters (e.g., temperature) to alter turbine operations based on specific 
local conditions, thereby reducing the amount of curtailment and associated energy loss. Several 
approaches that use either human observers or camera systems have been studied to curtail turbines 
according to the presence and close proximity of eagles and vultures.

Deterrents
Another minimization strategy is to install wildlife deterrents to generate sound or visual cues that 
disrupt the animal’s normal behavior or flight path near a wind turbine. The frequency of the sound is 
an important aspect. For birds, a sudden audible (e.g., <20 kilohertz [kHz]) sound might be startling, 
but there are limited data demonstrating effectiveness because in most cases birds habituate to the 
noise. Some technologies to deter birds only generate a sound when the bird is in close proximity. 
Lasers and strobing lights have shown success for deterring birds but may also result in attraction or 
other behavioral/physiological changes. For bats, an ultrasonic (e.g., >20 kHz) sound might interfere 
with their sonar and be disorienting. The intensity of the sound is also important. The sound must 
travel far enough for the animal to interact with it and be deterred before entering the rotor-swept 
area. This can be difficult for ultrasound because higher frequency sounds travel shorter distances. 
Existing deterrent technologies are installed on the nacelle or tower of the wind turbine, but blade-
mounted deterrents are under development. Blade-mounted deterrents can extend the range of the 
sound being projected. 

The effectiveness of deterrents using ultraviolet light is being investigated to reduce bird and bat 
interactions with wind turbines. Painting a single blade a dark color to make the structure more 
noticeable has also been explored at a land-based wind farm; the results were promising but not 
definitive. 

Minimization Strategies Developed For Land-based Wind Energy

emit sound throughout the entire rotor-swept area. 
Before implementation, deterrent technologies 
need to be modified to operate in the harsh 
offshore environment, and the effectiveness of the 
method must be validated for offshore species 
through experimental studies. 

Compensation for impacts is the last option and 
is used for offsetting the impact on a species. 
Compensatory measures often are designed 

to create or restore habitat for species affected 
by wind farms, including areas where breeding, 
nesting, or foraging occurs. Compensation may 
be achieved by addressing other natural or 
anthropogenic effects on populations, such as 
expanding protected areas, reducing predation, 
enhancing prey abundance or availability, or 
removing invasive species.

19
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Given the lack of OSW deployment along the U.S. 
Atlantic and Pacific Coasts, it is difficult to assess 
the degree of collision risk and behavioral changes 
that wind turbines present for bats and birds. While 
wind turbine technologies and bat and bird species 
may vary among countries and coastlines, sharing 
lessons learned from national and international 
collaborations will improve technologies and 
methodologies for collecting baseline data, 
improving CRMs, and monitoring risks at OSW 
farms. Addressing these issues in the early phases 
of OSW deployment will help determine whether 
mitigation approaches are necessary and assist with 
planning for future projects. At a high level, there 
are several primary research needs: 

1. Collect additional baseline data, including 
offshore bat and bird abundance, distribution, 
movements, flight height, and flight speeds to 
estimate the potential exposure and decrease 
uncertainty for CRMs

2. Assess attraction or avoidance behaviors 
to understand the scale and associated 
mechanisms, such as the reef effect, and 
determine whether these changes negatively 
affect survivorship or reproduction

3. Quantify collision risk and validate and 
improve CRMs 

4. Develop and Validate potential mitigation 
options to reduce risk. 

Bats
Research from land-based wind farms indicates 
certain species of bats appear to be attracted to 
wind turbines and that spinning blades represent 
a substantial risk. Further, data showing that 
activity patterns of bats offshore resemble those 
documented on shore suggest that the timing and 
conditions of mortality may be similar. However, 
data are limited regarding the spatial distribution 
(e.g., distance from shore), abundance (e.g., number 
of bats) and species using the offshore environment. 
Moreover, it is not clear whether the factor(s) that 
attract bats to land-based wind turbines apply 
offshore. Collecting data about baseline activity and 
movement patterns at potential OSW sites will help 
assess potential risk, but understanding bat activity 
around operational OSW farms and quantifying 
mortality is essential in determining whether wind 
turbines pose a significant risk to bats (Figure 1.8). 

Birds
Hundreds of species of birds reside or migrate along 
the U.S. Atlantic and Pacific Coasts. Species groups 
such as gulls, terns, pelicans, jaegers, and skuas 
may be vulnerable to colliding with wind turbines 
based on their size and flight behavior. Migratory 
songbirds and shorebirds may also be at risk due to 
their presence offshore during certain times of 

KNOWLEDGE GAPS & RESEARCH NEEDS

Figure 1.8 The hoary bat is a migratory tree-roosting species found across North America and known to fly along the 
Atlantic and Pacific Coasts. Photo by Cris Hein, National Renewable Energy Laboratory.
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the year. Other species groups, including loons, sea 
ducks, grebes, and alcids, may exhibit avoidance 
behaviors at various scales. Understanding which 
species may be attracted to OSW turbines or farms 
is also important, as well as determining what the 
cause of the attraction is and whether the attraction 
relates to risk. Refining the lists to acquire more 
species-specific data will help narrow down which 
species to focus on. Understanding bird collision 
risk and behavioral effects will require collecting 
additional baseline data (e.g., activity patterns, 

distribution, flight height, and flight speed). 
For collision risk, model accuracy needs to be 
validated using collision data after OSW farms are 
constructed. The development of remote-sensing 
technologies is necessary to quantify collision risk 
and behavioral effects, preferably at the species 
level. Collecting these data from new or operational 
OSW farms will allow stakeholders to make informed 
decisions regarding the appropriate mitigation 
measures.

For more information on the literature reviewed 
to develop this Research Brief, visit: Tethys

http://https://tethys.pnnl.gov/summaries/bat-bird-interactions-offshore-wind-energy-development


PRESENCE OF VESSELS: 
EFFECTS OF VESSEL 
COLLISION ON 
MARINE LIFE

MAIN TAKEAWAYS
 • Marine life, including marine mammals and sea turtles, that spend significant time near the water 
surface or in areas where vessel routes overlap with migration, feeding, or breeding grounds 
have the potential to be struck by vessels associated with offshore wind energy development.

 • There are two types of potential trauma associated with vessel collisions—blunt force and sharp 
force—both of which can result in death.

 • The effects of vessel collisions are likely to be underrepresented due to a lack of reporting 
awareness and because not all struck marine animals are recoverable for documentation.

 • Vessel speed reductions and route restrictions have shown to be effective mitigation measures 
for reducing the probability of injury and mortality related to vessel collisions.

 • A broad evaluation of the risk of injury and mortality from vessel collisions on marine mammals 
and sea turtles associated with offshore wind activities is needed to develop effective mitigation 
measures that are species dependent.

Please visit Tethys to view the literature reviewed to inform the development of this research brief.

3.2

https://tethys.pnnl.gov/summaries/presence-vessels-effects-vessel-collision-marine-life
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Many types of vessels are used during the life cycle 
of an offshore wind (OSW) farm. The presence of 
vessels introduces the risk of vessel collision with 
marine life. Vessel collision risk is not specific to 
OSW development—vessel-based activities are an 
essential part of global infrastructure and support a 
wide array of industries (e.g., trade, tourism, resource 
development, national defense). However, because 
of the potential consequences to marine life, vessel 
collision is an important consideration in the OSW 
environmental assessment process. 

At the beginning of 2020, the total world fleet 
comprised 98,140 commercial ships (100 gross 
tons and above). At that time, there were 32 OSW 
turbine installation vessels and 14 foundation 
installation vessels operating globally. The number 
of OSW-related installation vessels is expected to 
increase, including in the United States, as multiple 
companies have committed to build and operate 
vessels compliant with the Jones Act. The Jones 
Act generally requires vessels carrying goods 
between any two points in the United States to be 
domestically manufactured and registered and to 
be owned and crewed by U.S. citizens or permanent 
residents. Additionally, a variety of purpose-built 
and existing vessels will be needed for development, 
construction, operation and maintenance, and 
eventual decommissioning of an OSW farm as well 
as ancillary activities such as site surveying and cable 
laying. Estimates show that the U.S. wind energy 
industry will need at least 112 different vessels at 
peak demand to support the Biden Administration’s 
goal of 30 GW of offshore wind by 2030.

Species that spend significant time near the water 
surface and in areas where vessel routes overlap 
with migration, feeding, or breeding grounds can be 
more susceptible to individual impacts from vessel 

collisions (i.e., injury or mortality). Given the higher 
visibility of strandings and the low population levels 
of some species, whales have long been considered 
the primary marine animal impacted by vessel 
collisions, this has instigated the need for special 
protections through the National Oceanic and 
Atmospheric Administration’s (NOAA’s) conservation 
and recovery programs (e.g., Endangered Species 
Act, Marine Mammal Protection Act) that have 
resulted in more quantification of vessel strikes. 
Between 2015 and 2019, 26 large whales died on 
the U.S. Pacific Coast due to vessel strikes. However, 
recent estimates suggest that vessel collisions 
could cause up to 84 deaths per year among 
endangered whales that are prevalent in U.S. waters 
(blue, humpback, fin, and Atlantic right whales) that 
coincide with potential OSW developments on the 
Atlantic and Pacific Coasts. 

While impacts to whales and other large marine 
animals are often realized through documented 
strandings, the total impact is likely to be 
underrepresented. This is because of a lack of 
collision reporting awareness (whether the impact 
was felt, seen, or otherwise witnessed) when the 
incident occurred, limited detection capabilities to 
find carcasses at sea, and sub-lethal injuries that may 

TOPIC DESCRIPTION

Offshore wind development 
requires the use of many 
types of vessels during the 
life cycle of a wind farm, 
introducing the risk of vessel 
collision with marine life.
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not be observable. Animals such as sea turtles may 
be underrepresented for the same lack of collision 
reporting awareness, but also because of difficulties 
recovering carcasses. It is estimated that nearly 
one-third of stranded loggerhead, leatherback, and 
green sea turtles in Florida had injuries that could be 
attributed to vessel collisions. Overall, research has 
shown that up to 75 different marine species may be 
involved in global vessel collisions. 

Mitigating vessel collision impacts to the North 
Atlantic right whale on the U.S. Atlantic Coast is 
a national priority due to the species’ critically 
endangered population and slow reproductive rate. 
Other large whale species, such as fin, humpback, 
and blue whales and several species of sea turtles, 
are also considered to be at risk of vessel collision 
in areas targeted for OSW development on the U.S. 
Atlantic and Pacific Coasts.

The development, installation, operation, 
maintenance, and decommissioning of an OSW farm 
requires a variety of vessels that differ in size, speed, 

and operating procedures (see table above). These 
differences result in a wide range of collision risk 
levels for different vessels and OSW development 
activities. For instance, while crew transport vessels 
might transit from port to site on a routine basis 
throughout the construction of a project, other 
construction vessels may transit to the site much less 
frequently and remain stationary for the construction 
of a single turbine before transiting to the next 
installation location at reduced speeds, as is the case 
with jack-up vessels. Cable-laying vessels operate at 
1 knot or less, whereas high-resolution geophysical 
survey vessels (Figure 2.1 - 2.2) have an operating 
speed of approximately 4 knots. Vessels less than 
20 m (65 ft) in length may fall outside designated 
speed regulations, creating an increased risk of 
high-force collisions with some marine animals. If 
large OSW components are manufactured overseas, 
transoceanic transport will be necessary, further 
increasing risk of vessel collisions.

Types of Vessels Supporting Offshore Wind Development

OFFSHORE WIND ACTIVITY

Pre-installation

Installation

Operations and Maintenance 

Decommissioning

VESSEL TYPE

Survey Vessels (Fig. 2.1)

Jack-up Vessel (Fig. 2.2)
Dredging Vessel
Wind Turbine Installation Vessel (Fig. 2.3)
Feeder/Supply Vessel
Tugs 
Barges 
Heavy Lift Vessel
Crew Transfer Vessel (Fig. 2.4)
Cable-Laying Vessel
Support Vessels 

Heavy Maintenance Vessel
Service Operation Vessel (Fig. 2.5)
Crew Transfer Vessel
Survey Vessels
Support Vessels

Uses the same vessels as installation

VESSEL SIZE

Small - Large

Large
Large
Large
Large
Small - Medium
Small - Large
Large
Small - Large
Small - Large
Small - Large

Large
Small - Large
Small - Large
Small - Large
Small - Large

Uses the same vessels as installation

The classification of vessel size is based on the following categories: Small, up to 25 meters (m) (82 
feet [ft]) in length; Medium, more than 25 m but less than 50 m (164 ft); Large, more than 50 m.
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MAIN RISKS & EFFECTS

Resting, foraging, nursing, mating, migrating, and 
socializing are all surface-level activities that can 
distract marine animals from detecting and avoiding 
oncoming vessels. Some whale species spend a 
significant amount of time at the surface during 
nighttime hours when they tend to forage less, but 
what drives this increased surface presence is still 
uncertain. Areas of high vessel traffic that feature 
regionally concentrated populations of surface-
dwelling marine animals can be high-risk areas for 
vessel collisions. 

There are two types of potential trauma associated 
with vessel collisions—blunt force and sharp force. 
Blunt force trauma is a result of collisions with 
surfaces of the vessel or dull components protruding 
from the vessel, such as dull bulbous bows. Injuries 
associated with blunt force trauma can include 
abrasions, contusions, lacerations, and fractures (skull 
and bone). Sharp force trauma is a result of collisions 
with sharper vessel components, such as rotating 
propeller blades or certain hull shapes. Injuries 
associated with sharp force trauma can include 
lacerations and potentially the amputation of flukes 
and flippers. 

Vessel type, vessel speed, and species type are 
all primary factors in determining the likelihood of 
collision and severity of potential injury. Compared 
to smaller vessels, large vessels’ increased length, 
width, and draft create extensive footprints that 
make encounters with marine animals more likely. 
However, should a collision occur, vessels of all sizes 
can yield stresses high enough to cause lethal injuries 
to large whales. 

Whether an encounter involves a collision depends 
on the combination of animal behavior, vessel speed, 
and vessel maneuverability. Slower speeds can 
provide time for marine animals and some vessel 
operators to react to avoid collisions. However, 
evidence suggests that large whales exhibit limited 
avoidance behaviors in close range.

Animals that experience impacts at lower speeds 
may have a higher probability of survival because of 
reduced force associated with these collisions. For 
instance, there is some evidence that the probability 
of lethal injuries for large whales falls to less than 
50% when speeds of large vessels are reduced to 10 
knots. However, modeling suggests that large vessels 

Figure 2.1 Survey vessel used for geological and geophysical surveys. Photo from J. Goins, Virginia Institute of Marine Science.

https://www.flickr.com/photos/vims_photos/45732803852/in/photolist-2cFfzh9-Fg4BgS-2cFfzAq-23mcXaQ-29KPGMB-27ww6f9-22jeD9s-Rs2NtV-26kXggf-2cFfzA5-28RfDyg-7UyMNE-NZuVGk-Js3Awi-2keU6ZA-cbo5yf-2m57Nxt-2kXH4CL-nSYqSF-79tRY8-7CDYgj-2hG8tCw-2hG7rUs-8baUEo-2hG8vNU-2hG8v6g-QhYuFj-Bo5pye-Y5Tomu-23oQcug-222CaWD-SWvbT4-21HCXiz-22t5V6Z-hR3er7-hR3ewN-8gE3Jv-p8jZu-2ie5Dh1-9PDLpH-mZampc-hR3v6n-2kZqJaZ-hR2Fjn-hR3vM2-hR37Zw-2hAmJjE-r8QFr-2kN9BFz-8B3pqj
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can still produce large enough stresses to cause 
lethal injuries for large whales even when travelling 
at reduced speeds. Moreover, small species such as 
sea turtles require more stringent speed reductions 
before lethal injury probabilities are reduced. 
More research is needed to fully understand the 
correlation among vessel size, vessel speed, vessel 
hull type/technology, and species-specific impacts. 

Injured marine animals must expend increased 
amounts of energy on healing (instead of growing 
and reproducing). This extra energy can put the 
individual at risk of mortality while decreasing 
its potential to reproduce, which can result in 
significant population consequences for certain 
species. When population numbers are low, the 
health and vitality of an individual animal plays an 
integral role in whether the species population level 
is capable of recovery.

For instance, population numbers for the North 
Atlantic right whale have created a scenario in 
which losses from vessel collisions and other 
anthropogenic (i.e., human-influenced) activities 
have limited the potential for population recovery. 
Current evidence indicates there are fewer than 

350 North Atlantic right whales remaining, with 
fewer than 100 breeding females. In response 
to the limited number of North Atlantic right 
whales, the potential biological removal level for 
the western stock is 0.8 whales per year. Potential 
biological removal is defined by the Marine 
Mammal Protection Act as “the maximum number 
of animals, not including natural mortalities, that 
may be removed from a marine mammal stock 
while allowing that stock to reach or maintain its 
optimum sustainable population.” This means that 
if the population is to recover, less than one North 
Atlantic right whale can be lost to anthropogenic 
causes in any given year.

On the Pacific Coast, there is growing evidence 
that mortalities from vessel collisions with blue, fin, 
and humpback whales are a significant contributor 
to anthropogenic deaths and could have negative 
impacts at the population level. While the 
population level impacts from vessel collisions for 
certain whale species are somewhat understood, 
similar consequences for other marine species (both 
large and small) are yet to be determined.

Figure 2.2 Jack-up vessel used for turbine installation at the Coastal Virginia Offshore Wind project. 
Photo by Dominion Energy. 

https://www.dominionenergy.com/
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Reducing Vessel Collisions with North Atlantic Right Whales
On the U.S. Atlantic Coast, vessel speed restrictions are driven by conservation efforts to protect the 
endangered North Atlantic right whale. In 2008, the National Oceanic and Atmospheric Administration 
implemented a mandatory Ship Strike Reduction Rule that includes measures in certain areas and at certain 
times of the year to reduce the likelihood of serious injuries and deaths from collisions with vessels.

In general, the rule requires vessels 20 m (65 ft) or longer to travel at 10 knots or less in certain locations 
called seasonal management areas where right whales are likely to be present during specific times of the 
year. Vessels less than 20 m (65 ft) in length are encouraged to follow the rule as well. Some vessels are 
not subject to the rule, such as those owned or operated by the federal government, U.S. military vessels, 
foreign military vessels while engaged in exercises with the U.S. Navy, and active state law enforcement/
rescue vehicles. The rule also allows for voluntary dynamic management areas to be established based 
on visual sightings that identify the presence of three or more right whales within an area. Mariners are 
encouraged to avoid these areas and travel at 10 knots or less.

An assessment of the rule’s effectiveness concluded that during the 10 years after speed restrictions were 
implemented, the number of documented right whale vessel collision mortalities and serious injuries 
decreased by 33% within seasonal management areas. 
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Monitoring for marine animals in the vicinity of 
vessels can help safeguard marine life against 
vessel collision. In the United States, protected 
species observers (PSOs) are used to visually 
monitor areas for the presence of species that are 
federally protected under the Endangered Species 
Act and/or Marine Mammal Protection Act. OSW 
activities that involve the use of vessels such as 
high-resolution geophysical surveys, construction 
(including pile driving), and installation require 
the use of PSOs to monitor for marine life. PSOs 
typically monitor for protected marine mammals, 
including whales and dolphins, and sea turtles; 
other marine animals that may be observable and 
reported near the water surface include manta 
rays, sharks, and other fish species. PSOs collect 
information about the behavior, distribution, 
and abundance of marine animals in the vicinity 
of offshore activities and relay observations to 
vessel operators to institute mitigation measures 
to avoid vessel interactions with marine life, 
including potential collisions, such as reducing the 
vessel speed and/or changing course. However, 
the effectiveness of PSOs detecting marine life 

can be influenced by a number of factors like 
environmental conditions such as sea state, 
visibility, marine life behavior (e.g., animals diving 
beneath the water for long periods of time), the 
location of the observers (e.g., vessel, aircraft, or 
land), and the level of observer experience.

In addition to PSOs, passive acoustic monitoring 
systems can be used to detect marine mammals 
by listening for vocalizations underwater. 
On the Atlantic Coast, a passive acoustic 
monitoring system has been installed off the 
New England coast to specifically monitor for 
the endangered North Atlantic right whale. The 
system communicates monitoring information to a 
sighting advisory system that alerts mariners of the 
presence of right whales. Aerial surveys are also 
used as early warning systems to monitor protected 
species; reported sightings are made available to 
mariners in an effort to increase awareness. 

Real-time vessel-based reporting, whether 
voluntary or mandatory, can also be used to 
reduce vessel collisions with marine life. Vessel-
based software can be used to track marine animal 

MONITORING & MITIGATION 
METHODOLOGIES
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sighting locations and share sighting information 
with mariners. In addition, mobile phone technology 
can be used to share marine animal sighting 
information and potential mitigation measures with 
others via mobile phone alerting systems. 

Several mitigation approaches can be used to 
reduce the risk of vessels colliding with marine 
animals. Speed restrictions are widely implemented 
to reduce vessel collision risk. In 2008, mandatory 
vessel speed restrictions were instituted in certain 
areas and at certain times of the year off the Atlantic 
Coast to reduce the risk of vessel collisions with 
North Atlantic right whales. In 2015, voluntary vessel 
speed reductions were implemented in shipping 

routes off California to reduce the number of 
whale mortalities caused by vessel collision. Using 
a ship strike model, which is a tool for estimating 
marine life mortality as a result of vessel collisions, 
researchers estimate that if 95% of mariners follow 
the voluntary vessel speed limit reduction in the 
shipping lanes near California, twice as many 
blue whale mortalities and three times as many 
humpback whale mortalities would be avoided. 

Vessels can also change course or be rerouted to 
avoid interactions and collisions with marine animals. 
On the Atlantic and Pacific Coasts, vessel routes 
have been amended to reduce vessel collisions with 
blue, humpback, and North Atlantic right whales. 
In addition, vessel exclusion zones, or “areas to be 
avoided,” can be established. Areas of avoidance 
have been established off the coast of Costa Rica to 
protect humpback whales and off the Atlantic Coast 
to protect North Atlantic right whales. A proposal 
for an expanded area to be avoided in the Channel 
Islands region of Southern California to protect 
blue and humpback whales has been submitted 
and will be reviewed by the International Maritime 
Organization’s subcommittee for navigation safety in 
the spring of 2022.

Figure 2.3 Wind turbine installation vessel used to transport components for installation.

Vessel speed reductions 
and route restrictions are 
effective mitigation measures 
for reducing marine animal 
injuries and deaths from 
vessel collisions.



Compilation of Educational Research Briefs  //  September 2022

29

As OSW development continues to advance in the 
United States, several knowledge gaps and research 
needs must be addressed to develop a more 
comprehensive understanding of vessel collision risk. 
The risk of marine animal injury and mortality from 
collision with vessels associated with OSW activities 
must be evaluated to inform the development of 
effective mitigation measures. Additionally, the 
effectiveness of those strategies must be monitored.

Uncertainty remains regarding the distribution of 
collision risk and mortality estimates over large whale 
species, especially for North Atlantic right and fin 
whales on the Atlantic Coast and blue, humpback, 
fin, and gray whales on the Pacific Coast.

Regarding sea turtles, there is a need to understand 
the seasonal and geographic patterns of the risk of 
injury and mortality from vessel collisions associated 
with OSW activities to inform mitigation measures. 

Areas with a high risk of vessel collisions need to be 
identified, and OSW- and non-OSW-related vessel 
patterns need to be understood.

For smaller marine animals, little is known about the 
extent of collision incidences. Protocols must be 
developed and instituted to identify collision-related 
blunt force trauma during necropsy procedures. 

The risk of marine animal injury 

and mortality from collision with 

vessels associated with offshore 

wind activities must be evaluated 

to inform the development of 

effective mitigation measures.

KNOWLEDGE GAPS & RESEARCH 
NEEDS

Figure 2.4 Crew transfer vessel used at Block Island Wind Farm. Photo by Atlantic Wind Transfers.

https://www.atlanticwindtransfers.com/
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A vessel collision database (similar to an existing 
database developed for whales by the International 
Whaling Commission) can help identify smaller 
marine animals most affected by vessel collision, 
high-risk areas, and correlations among species, 
vessel speed, and injury. Vessel speed reductions 
and route restrictions have successfully mitigated 
vessel collision risk for whales, and similar approaches 
may be effective to avoid interactions with other 
marine species, although a high level of compliance 
will be required of vessel operators. 

Education and awareness about the risks of vessel 
collision with marine life are critical for mariners 
to implement appropriate mitigation approaches 

for OSW- and non-OSW-related activities. Federal 
organizations including NOAA and the Bureau 
of Ocean Energy Management, along with state 
and regional wildlife entities, are taking steps to 
increase public awareness of vessel collision risk 
and to identify research priorities to develop a 
more comprehensive understanding of the risks 
to vulnerable species in regions targeted for OSW 
development in the United States.

Figure 2.5 Service operation vessel that provides accommodations for workers during turbine service and repair work.

For more information on the literature reviewed 
to develop this Research Brief, visit: Tethys

https://tethys.pnnl.gov/summaries/presence-vessels-effects-vessel-collision-marine-life


RISK TO MARINE LIFE 
FROM MARINE DEBRIS 
& FLOATING OFFSHORE 
WIND CABLE SYSTEMS

MAIN TAKEAWAYS
 • Primary entanglement risk: Current literature suggests that the risk of marine life becoming 
directly entangled with a floating offshore wind cable system (primary entanglement) is low; the 
mooring lines and cables have a large diameter and are sufficiently heavy which prevents them 
from looping and entangling marine life.

 • Secondary entanglement risk: Marine debris, such as derelict fishing gear, may become snagged 
in floating offshore wind cable systems, which could potentially lead to the entanglement of 
marine life (secondary entanglement). There is insufficient information to evaluate secondary 
entanglement at this time. 

 • A broad range of marine life may be at risk of physically interacting with marine debris caught on 
floating OSW cable systems, including large migratory whale species (such as humpback and fin 
whales), fish species (such as whale sharks, basking sharks, and manta rays), sea turtles, seals, and 
diving seabirds, in part because of their feeding behaviors.

 • Research is needed to develop more effective technologies for monitoring, detecting, and 
removing marine debris and derelict fishing gear snagged on floating offshore wind cable systems.

 • Knowledge gaps related to marine life ecology are being addressed through ongoing research 
related to habitat preferences, migration patterns, and diving behaviors of marine life. This 
research will help inform future evaluations of entanglement risk.

Please visit Tethys to view the literature reviewed to inform the development of this Research Brief.

3.3

https://tethys.pnnl.gov/summaries/risk-marine-life-marine-debris-floating-offshore-wind-cable-systems
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In the United States, floating offshore wind (OSW) 
development is being planned on the Atlantic and 
Pacific Coasts in water depths ranging from 60 to 
1,300 (m) (197 to 4265 feet). Floating cable systems 
associated with these developments, including 
mooring lines and inter-array cables (as shown in 
Figures 3.1 and 3.2), may present physical hazards to 
marine life. 

Current literature suggests that the risk of primary 
entanglement is low because floating OSW cable 
systems have a large diameter and are sufficiently 
heavy, which prevents them from looping and 
entangling marine life. The relative spatial scales of 
floating OSW infrastructure and marine life further 
reduce the likelihood of marine life encountering 
such systems. Incidents of primary entanglement 
with the floating cable systems associated with oil 
and gas platforms (which are engineered in a similar 
manner to floating OSW cable systems) have not 
been publicly reported, suggesting the likelihood of 

marine life becoming directly entangled with floating 
OSW cable systems is low. However, these systems 
are not monitored extensively, a fact that limits the 
aptness of the comparison. Entanglement reports 
indicate that fishing gear is the primary cause of 
entanglement in large whale species, and a large 
number of other species of marine mammals, sea 
turtles, seabirds, fish, and invertebrates are also 

TOPIC DESCRIPTION

Primary Entanglement
The occurrence of marine life directly 
becoming entangled with a mooring line or 
inter-array cable. 

Secondary Entanglement
The occurrence of marine life becoming 
entangled with marine debris, including 
derelict fishing gear, that is snagged on a 
mooring line or inter-array cable. 

Floating Offshore Wind Mooring & Inter-Array Cable Configurations
The three most common and representative floating OSW platforms include the single point anchor 
reservoir (SPAR), semi-submersible, and tension leg platform (TLP), which are moored using 
catenary or tensioned lines to maintain position and/or stability (Figure 3.1). Floating OSW platform 
designs and mooring configurations have been inspired by those constructed for the oil and gas industry. 

 • Catenary mooring lines: Catenary (curved) mooring lines are connected to the platform, hang 
freely in the water column, and are anchored to the seafloor; these lines may also include 
accessory buoys to reduce the weight of the mooring line on the platform. SPAR and semi-
submersible platforms use catenary mooring lines for station keeping and rely on heavy ballasting 
at the bottom of the platform and buoyancy for stabilization.

 • Tensioned mooring lines: Unlike catenary mooring lines, tensioned mooring lines do not hang 
freely in the water column. Instead, they are stretched until the lines are taut. TLPs rely on taut, 
pretensioned mooring lines for stabilization.

Inter-array electric cables (Figure 3.2) connect floating OSW platforms to one another and collect 
the power being generated. Inter-array cables are connected to the platform, hang freely in the water 
column, and may run along the seafloor between platforms; these cables may also include accessory 
buoys to reduce the weight of the cable on the platform and maintain location and configuration. In 
OSW developments in very deep water, developers expect that inter-array cables will be suspended 
below the sea surface rather than being buried. 

32
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Figure 3.1 Designs of floating offshore wind platforms (left to right: single point anchor reservoir, semi-submersible, 
tension leg platform). Illustration by Joshua Bauer, National Renewable Energy Laboratory.

affected. Therefore, the potential for secondary 
entanglement of marine life with marine debris 
snagged on floating OSW cable systems is the 
leading cause of concern. 

Knowledge of the potential consequences of 
secondary entanglement of marine life in floating 
OSW cable systems remains limited because of the 
infancy of the industry and lack of entanglement 
and marine debris monitoring for existing floating 
OSW developments. A broad range of marine life 
may be at risk of physically interacting with marine 
debris caught on floating OSW cable systems, 
including large migratory whale species (such as 
humpback and fin whales), fish species (such as 
whale sharks, basking sharks, and manta rays), sea 
turtles, seals, and diving seabirds, in part because 
of their feeding behaviors. 

Current literature suggests 
that the risk of primary 
entanglement is low 
because floating offshore 
wind cable systems have 
a large diameter and are 
sufficiently heavy, which 
prevents them from looping 
and entangling marine life.
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Figure 3.2 Configuration of floating offshore wind inter-array cables. Illustration by Joshua Bauer, National Renewable 
Energy Laboratory.

Figure 3.3 Relative scale of an encounter of a humpback whale with floating offshore wind turbines. Illustration from 
Molly Grear, Pacific Northwest National Laboratory.

Note: The platform spacing shown in Figure 3.3 is an example of potential spacing. The number of turbines in a commercial-scale 
project will be on the order of 100, so the number of cables will be much higher than what is depicted here. Actual platform spacing 
will differ for each offshore wind farm and will be determined during siting processes. 
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Although the likelihood of secondary 
entanglement remains unknown, the impacts of 
marine life entanglement with actively fished and 
derelict fishing gear may provide the greatest 
insight into the potential consequences associated 
with floating OSW cable systems. For example, the 
potential consequences of marine life becoming 
entangled in fishing gear include the following:

 • Asphyxiation or respiratory distress 
because of a lack of oxygen, known as 
underwater entrapment

 • Tissue damage potentially resulting in 
scarring, muscle and/or nerve injury, 
infection, and in severe cases death 

 • Reduced foraging ability, potentially 
leading to emaciation 

 • Impacts on mobility, including the ability to 
dive, migrate, and reproduce 

 • Impacts on population growth as a result 
of mortality or reduced reproductive 
success for species that have low 
reproductive rates

As multiple floating OSW arrays are constructed 
(each on the order of 100 turbines) and the 
number of floating cable systems in the water 
column increases, the potential cumulative effects 
of OSW development, combined with other ocean 

activities, will need to be examined. However, it is 
difficult to determine cumulative effects of OSW 
development due to the lack of projects currently 
deployed. The combined effects of multiple 
environmental stressors (the presence of floating 
OSW cable systems, vessel traffic, underwater 
noise, etc.) may result in biologically significant 
population-level responses in marine life and will 
need to be considered.

MAIN RISKS & EFFECTS

Impacts of marine life 
entanglement with actively 
fished and derelict fishing 
gear may provide the 
greatest insight into the 
potential consequences of 
secondary entanglement.

General Entanglement Statistics
According to the National Oceanic and Atmospheric Administration (NOAA), at least 115 
marine species in the United States, including marine mammals, sea turtles, seabirds, fish, and 
invertebrates, have been affected by entanglement in active and derelict fishing gear and other 
marine debris associated with non-OSW infrastructure. In 2018, NOAA reported 105 confirmed 
cases in the United States of large whale entanglement with fishing gear or marine debris, which 
was 25% higher than the 11-year average.

Entanglement with marine debris and derelict fishing gear is a primary cause of mortality 
in a number threatened and endangered large whale species; minimizing and preventing 
entanglements are critical to reducing the potential for population impacts. 
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https://marinedebris.noaa.gov/entanglement-marine-species-marine-debris-emphasis-species-united-states
https://www.fisheries.noaa.gov/resource/document/national-report-large-whale-entanglements-confirmed-united-states-2018
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Monitoring approaches for floating OSW 
cable systems are similar to those employed 
for analogous structures. Floating OSW cable 
systems will require routine inspections during 
the operation and maintenance phase of their 
development, which will be typically conducted 
by remotely operated vehicles. However, these 
inspections are generally used to confirm the 
structural integrity of the cable systems rather 
than conduct environmental monitoring for 
entanglement and marine debris. Offshore wind 
stakeholders have identified the need for routine 
monitoring and mitigation measures to both 
understand and reduce the risk of entanglement. 
Recommended entanglement monitoring 
and mitigation techniques include the use of 
underwater cameras, monitoring mooring and 
line loads or motion, and the use of underwater 
vehicles to detect and remove marine debris.

For example, the Kincardine Floating Offshore 
Wind Farm in Scotland has integrated load cells 
with the mooring lines to periodically monitor 

line performance and potentially detect the 
entanglement of floating marine debris, including 
derelict fishing gear. The farm will use remotely 
operated vehicles and vessel-mounted sensors 
(such as multibeam sonar) to periodically survey 
floating cable systems, which could also monitor 
for the presence of derelict fishing gear. 

Established methods for environmental monitoring 
can also be used to gather information about 
marine animal behavior, movement, and use of 
space in the vicinity of floating platforms, which 
in turn can be used to evaluate entanglement 
risk and develop mitigation methods. Potential 
monitoring approaches include using aerial and 
drone surveys, remote sensing technologies (e.g., 
infrared sensors and radar), passive acoustics, 
underwater cameras, and animal tagging.

MONITORING & MITIGATION METHODOLOGIES 
& TECHNOLOGIES
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KNOWLEDGE GAPS &
RESEARCH NEEDS
Research is needed to develop more effective 
technologies for monitoring, detecting, and 
removing marine debris snagged on floating OSW 
cable systems. A quantification of commercial 
and recreational fishing activity in OSW and 
adjacent areas is also needed to inform estimates 
of the amount of fishing gear that could become 
entangled in floating OSW cable systems and the 
likelihood of secondary entanglement. NOAA, 
supported by the Bureau of Ocean Energy 
Management (BOEM), is developing a modeling 
tool to evaluate the risk of whale species and 
leatherback sea turtles in deep water becoming 
entangled in derelict fishing gear snagged on 
floating OSW cable systems. The tool will assess 
whale and sea turtle entanglement risk and the 
potential severity of entanglement, which will 
assist NOAA and BOEM in identifying mitigation 
measures that can be implemented to reduce the 
potential risks of such entanglement. 

Additional research is also needed on the 
habitat preferences, migration patterns, and 
diving behaviors of marine life to support a 
comprehensive evaluation of entanglement risk, 
with a specific focus on large whales, large pelagic 
sharks and rays, and sea turtles. Local-scale 
information about species behavior, movement, 
and use of space around floating OSW platforms 
is critical to this effort and will help increase the 
accuracy of risk models, such as the modeling tool 
described above. Stakeholders acknowledge the 
high level of biodiversity present in U.S. waters and 
key migration routes for marine mammals, turtles, 
and birds. In California specifically, stakeholders 
have identified the need for additional data 
about California marine ecosystems and species 
migration routes to inform approaches to mitigate 
the risk of secondary entanglement. Federal 
agencies are conducting research to assess 

the abundance, occurrence, and distribution of 
threatened and endangered species and their 
ecosystems in areas of the Pacific.

As the U.S. OSW industry grows and planning 
for floating OSW continues, the potential 
entanglement hazards to marine life from 
floating OSW cable systems will continue to 
be a high-priority issue for the protection of 
marine life. Several national and international 
research and assessment efforts are underway to 
establish a more comprehensive understanding 
of entanglement risk and develop effective 
approaches to monitoring and mitigating this risk 
for offshore renewable energy applications. Open 
dialogue among researchers, industry, regulators, 
and the international OSW community is needed 
to share lessons learned, identify knowledge 
gaps, and develop research agendas to address 
outstanding research needs.

Research is needed to 
develop more effective 
technologies for monitoring, 
detecting, and removing 
marine debris snagged 
on floating offshore wind     
OSW cable systems.

For more information on the literature reviewed 
to develop this Research Brief, visit: Tethys

https://tethys.pnnl.gov/summaries/risk-marine-life-marine-debris-floating-offshore-wind-cable-systems


UNDERWATER NOISE 
EFFECTS ON MARINE 
LIFE ASSOCIATED WITH 
OFFSHORE WIND FARMS

MAIN TAKEAWAYS
 • Underwater sound can be generated by biological, physical, and anthropogenic sources; 
unwanted sound sources, such as those from offshore development, are referred to as “noise.”

 • During offshore wind (OSW) farm construction, the driving of foundation piles into the sediment 
generates a significant amount of noise for certain foundation types. As a result, a number of 
mitigation measures have been developed to reduce noise and minimize impacts to wildlife.

 • Noise levels that can cause auditory injury are likely to occur in relatively close range to the pile 
driving. At greater distances, the intensity of noise is reduced (due to spreading) and is less 
injurious, but may still affect the behavior of marine species.

 • Quieting technology, such as bubble curtains, are effective at reducing noise at the source, 
which has benefits for all marine species. Other mitigation measures, such as protected species 
observers or passive acoustic monitoring, can monitor areas for sensitive marine life to ensure 
that construction does not occur when they are in the vicinity through shutting down and 
delaying pile driving activities.

 • The risk to marine life from underwater noise during other phases of wind farm development 
(e.g., site surveys, operations, and maintenance) is considered to be lower, but further 
monitoring is still needed to help fill existing research needs and gaps in understanding.

 • For floating foundation types, mooring line anchors can be installed using a variety of relatively 
low-noise methods. When impact pile driving is used for the anchors, there is a smaller 
anticipated acoustic impact for these smaller piles.

Please visit Tethys to view the literature reviewed to inform the development of this research brief.

3.4

https://tethys.pnnl.gov/summaries/underwater-noise-effects-marine-life-associated-offshore-wind-farms
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Underwater noise in the oceans can impact a 
variety of marine life and is a topic of international 
consideration for improving understanding of 
ocean soundscapes and effects of sound on marine 
organisms. When underwater objects vibrate, they 
create sound that travels as a pressure wave through 
the marine environment, including through water, 
the seafloor, and the air. Ocean soundscapes consist 
of contributions from biological sources (sounds of 
marine life), physical sources (sounds of the Earth), 
and anthropogenic sources (sounds of human 
activities; Figure 4.1). Underwater noise can travel 
long distances and has components of both sound 
pressure and vibration. It decreases with increasing 
distance from the source due to physical spreading 
and energy loss in the water column and seafloor, 
as well as across the sea surface. Sound can be 
measured with great precision in the oceans using 
hydrophones in different configurations to provide 
information on sound amplitude, frequency, and 
directionality.

The potential range of impacts of an OSW farm on 
the underwater soundscape changes throughout 
the life cycle of the wind farm. The four key phases 
of OSW development each have different noise 
emissions and include site surveys, construction, 
operation and maintenance, and decommissioning 
(Figure 4.2). During the first phase, site surveys 
are conducted using geophysical techniques 
to characterize site conditions. Notably, lower-
energy (quieter) systems are used for penetrating 
the seafloor compared to the high-intensity air 
guns required to search for oil and gas deposits. 
The second phase of OSW development involves 
construction and is usually one of the shortest 
phases. However, the placing of the foundation via 
pile driving and additional construction activities 
have the potential to generate high-intensity noise. 
The third phase of the OSW life cycle involves 
operations with noise generated by maintenance 
activities and by the turbines themselves. 

TOPIC DESCRIPTION

Figure 4.1 The marine soundscape consists of sounds made by humans (anthropogenic, orange sound waves), the 
environment (natural sounds, green sound waves), and biological sources (marine life: marine mammals, fish, and 
invertebrates; blue sound waves). Illustration from National Oceanic and Atmospheric Administration.
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Examples of Noise Generated During the OSW Farm Lifecycle
• Site Surveys: A variety of sensors and platforms are used to map and investigate the seafloor during site

assessment, including as part of acoustic benthic surveys using vessels (e.g., sonar and echosounders).

• Construction: The installation of foundations through pile driving, including for monopiles, tripods,
and jacket foundations, generates more noise than other installation methods. Alternative foundation
technologies that are associated with reduced noise include suction bucket, gravity based, and
floating foundations.

• Operations and Maintenance: During this phase, underwater noise is produced at a relatively low level
(compared to natural sound levels) over the 20+ year project lifetime by the rotation of the wind turbine
blades; the noise is transmitted to the water by the turbine and support structure. Vessel support is
required through all phases of wind farm development, including for maintenance, with its associated
potential noise effects on marine life.

• Decommissioning: Noise during the removal of a wind farm results from the use of support vessels
and specific factors associated with dismantling the various wind farm components, including turbines,
embedded foundations, subsea cables, and offshore substations.

Figure 4.2 Underwater noise associated with the life cycle of an OSW farm area, including during site surveys,
construction, operations and maintenance, and decommissioning. Illustration from Mooney et al. (2020).

40

https://tethys.pnnl.gov/publications/acoustic-impacts-offshore-wind-energy-fishery-resources-evolving-source-varied-effects
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The operational noise emission from currently 
installed turbines is relatively low level and does 
not significantly exceed natural noise levels. The 
final decommissioning phase involves using support 
vessels to dismantle the various components of the 
wind farm and can generate noise levels with the 
potential to disturb marine life.

Underwater noise impacts are a factor for OSW 
farms built off the various U.S. coasts, with different 
considerations depending on whether fixed-bottom 
or floating wind turbines are deployed and based 
on differences in the marine species present. In 
Europe, most knowledge on the response to OSW 
pile driving originates from studies of porpoises, 
seals, and fish around smaller turbines than those 
now being considered for deployment. For context, 
large whale and sea turtle species do not live 

in areas where large-scale OSW development 
has previously occurred. Countries, such as 
Germany, Belgium, the Netherlands, the United 
Kingdom, Denmark, Japan, South Korea, Taiwan, 
and the United States, have legal restrictions 
or statutes in place that protect marine wildlife 
from underwater noise; these protections have 
been accompanied by an increasing number of 
underwater noise-mitigation methods. A wide 
variety of marine species occur in U.S. waters, 
and several are listed as endangered under the 
Endangered Species Act (ESA) (e.g., the North 
Atlantic right whale, killer whale, and loggerhead 
turtle). Mitigation and monitoring measures are 
required for OSW development by the Bureau 
of Ocean Energy Management (BOEM) through 
requirements of lease stipulations and required 
by incidental take authorizations from National 
Oceanic and Atmospheric Administration (NOAA) 
Fisheries pursuant to the ESA and Marine Mammal 
Protection Act. A range of fish and invertebrate 
species are also impacted by noise, including by 
particle motion (back-and-forth motion of the 
medium), sound pressure, and substrate vibration. 
In particular, particle motion is the primary acoustic 
stimulus for all fish and invertebrates, and thus, is an 
important quantity to measure for understanding 
the effects of noise.

During construction, impact 
pile driving can create intense 
sound pulses, such that noise 
assessment and mitigation 
activities are now a standard   
part of OSW farm permitting.
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Hearing is one of the main ways marine life gather 
information and communicate underwater, where 
sound travels rapidly and over long distances. Noise 
may lead to physiological effects, ranging from 
nonauditory injury to hearing loss, or to more subtle 
effects, such as auditory masking (i.e., when noise 
interferes with the ability to communicate and hear 
other important sounds) or behavioral disturbance, 
which is more difficult to predict and quantify. Marine 
life, including marine mammals, sea turtles, and fish, 
differ in their ability to hear across sound frequencies 
and thus will respond differently to noises from 
different OSW farm activities. For example, baleen 
whales (e.g., blue, fin, and humpback whales) vocalize 
and are believed to hear well at low frequencies, 
whereas dolphins and porpoises vocalize and hear 
well at higher frequencies (Figure 4.3). Sound is also

important to fish as they produce various sounds   
that are used to attract mates, ward off predators, 
and gather together. Marine invertebrates, like  
shrimp and lobsters, and other benthic organisms 
also rely on sound for mating and protection. Sea 
turtles can hear low- to mid-frequency sounds 
underwater, but less is known about their hearing 
compared to other species.

During construction, impact pile driving can create 
intense sound pulses, such that noise assessment and 
mitigation activities are now a standard part of OSW 
farm permitting. Noise impacts during pile driving 
are strongly dependent on the pile configuration, 
hammer impact energy, environmental properties, 
and species present at the pile location and inthe 
surrounding area. The observed behavioral

MAIN RISKS & EFFECTS

Figure 4.3 Comparison
of frequency ranges of
hearing for marine 
life and various sound 
sources in the marine 
environment, including 
from OSW activities. 
Illustration from Copping
& Hemery 2020.

https://tethys.pnnl.gov/publications/state-of-the-science-2020
https://tethys.pnnl.gov/publications/state-of-the-science-2020
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responses of marine life to OSW pile driving noise 
ranges from slight disturbance to strong avoidance 
of the construction site. The two components of 
underwater sound (pressure and vibration) change 
significantly with distance from the source. A 
useful framework for describing potential noise 
impacts on marine species at wind farms includes 
the following four zones of auditory impact (listed 
from largest to smallest): (1) zone of audibility; (2)
zone of responsiveness; (3) zone of masking; and (4) 
zone of hearing loss, discomfort, and injury (Figure 
4.4). Generally, injury-causing noise levels occur 
within closer range to the pile driving, whereas 
sound levels causing behavioral effects extend 
significantly further from the pile. The risk of injury 
decreases with distance from the pile driving, but 
the exact distances are dependent on the nature of 
the sound, the environment, and the species. For 
floating foundation types, mooring line anchors can 
be installed using a variety of relatively low-noise 
methods. When impact pile driving is used for the 
anchors, there is a smaller anticipated acoustic 
impact for these smaller piles, compared to those 
used for fixed-bottom foundations.

Beyond pile driving, there are other potential 
impact-producing sources of noise associated with 
OSW farms, though at comparatively lower sound 
intensities. Vessel support is required through all 
phases of wind farm development. Ship noise can 

mask the communication signals of marine mammals 
and certain fish species, and such noise may also 
induce physiological stress and impair foraging and 
predator responses in both fish and invertebrates. 
During the site surveying phase, seafloor mapping 
is performed using multibeam, side-scan sonar, 
sub-bottom profiles, and other technologies that 
introduce sound into the water column and benthos 
for short time periods. These technologies operate 
across a range of frequencies, but with lower 
intensities than technologies used in the oil and 
gas industry, and may have the potential to cause 
behavioral impacts on some marine life. During 
the operational and maintenance phase, OSW 
farms can produce nearly continuous underwater 
sound, though at relatively low amplitudes that vary 
with the wind speed and turbine size. Noise levels 
during operation are not high enough to cause 
direct physical injury but may have some behavioral 
impacts to marine species in close proximity to 
the turbines. Studies have also shown that fish 
might adapt to noises created by OSW farms. 
Although there is little published literature on the 
decommissioning phase of OSW farms, there is the 
potential for masking, displacement, physiological 
stress, and other impacts—especially if marine 
life is aggregated in habitats around wind farm 
foundations.

Figure 4.4 Framework for potential noise impacts on marine mammals based on zones of auditory impact, with
distance from the sound source. Illustration from Mooney et al. (2020).

https://tethys.pnnl.gov/publications/acoustic-impacts-offshore-wind-energy-fishery-resources-evolving-source-varied-effects
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Substantial progress has been made in developing 
methods to understand and reduce the impacts 
of underwater noise generated by OSW farm 
development. Ocean acoustic monitoring has 
advanced over many years to record underwater 
sounds using hydrophones in a variety of 
configurations, including on buoys and towed 
behind vessels. This acoustic monitoring can 
provide data on both marine mammal presence and 
underwater noise levels, including the frequency, 
amplitude, location, and seasonality of underwater 
sounds. Passive acoustic monitoring is a standard 
methodology used to assess the occurrence and 
distribution of marine life in and around the area 
of a wind farm, including during construction to 
measure potential risk to wildlife. Measurements 
from acoustic monitoring can be used to understand 
the potential impacts of sound levels on a variety 
of marine life, including marine mammals, sea 
turtles, fish, and invertebrates. A host of monitoring 
methods are used to estimate the distribution, 
abundance, and behaviors of different species, 
including visual surveys from vessels, the use of 
animal tagging, and aerial surveys to understand the 
distributions and behaviors of different species.

These measurements can then be used to assess 
how many animals may be exposed to certain levels 
of noise. 

Given the potentially high levels of sound 
associated with pile driving during OSW farm 
construction, a variety of primary and secondary 
mitigation measures have been developed to help 
reduce the impacts of unwanted noise associated 
with increasingly large monopiles. In Germany, 
mandatory legal thresholds have been introduced 
for the maximum level of noise that can be 
generated during pile driving for the protection of 
marine life. In the United States, sound thresholds 
have been identified to help assess noise impacts on 
marine life. Quieting technologies, such as bubble 
curtains and noise abatement systems, reduce the 
spread of noise by placing physical noise barriers 
around the pile (Figure 4.5). These noise barriers 
have proven to be an effective tool for decreasing 
the impacts of pile driving on marine life in Europe, 
including for porpoises; similar mitigation measures 
are now being used in the United States. Other 
noise mitigation measures include use of time-of-
year restrictions, protected species observers and 
exclusion zones, and soft starts for pile driving.

Examples of Noise-Mitigation Techniques
 • Quieting Technologies: Bubble curtains are an example noise reduction technology. They work by 
creating a physical bubble barrier around the pile driving platform, thus reducing noise outside the 
curtain and helping protect marine life. Other examples of technologies include isolation casings, 
cofferdams, and hydro sound dampers.

 • Time-of-Year Restrictions: Pile driving activities may be excluded during certain times of the year 
due to the presence of sensitive marine life during these periods. Time-of-year restrictions have been 
implemented for the North Atlantic right whale.

 • Protected Species Observers: Trained observers maintain an exclusion area for certain protected 
species around pile driving activities. For example, if a marine mammal or sea turtle is observed 
entering or within the relevant exclusion zones, pile-driving activity must be shut down and delayed.

 • Soft Start for Pile Driving: Gradual ramp up of hammer energy for impact pile driving that includes 
an initial set of strikes from the impact hammer at reduced energy, followed by a waiting period, with 
repetition of this process several times prior to initiation of pile driving.

MONITORING & MITIGATION 
METHODOLOGIES

44
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In the United States, BOEM has identified guidelines 
for OSW farm construction, operations, and 
maintenance, which include suggested mitigation 
measures related to noise. Developers are guided to 
employ state-of-the-art, low-noise turbines or other 
technologies to minimize operational sound effects. 
Additionally, developers are expected to characterize 
the sound likely to be produced by their activities 
and to identify potential impacts of noise on sensitive 
biological resources or habitats, including noise 
source level, frequencies, and the expected sound 
transmission loss calculations with distance from the 
source. OSW developers in the United States have 
proposed to implement a variety of noise-mitigation 
measures, including soft start during pile driving, 
noise reduction systems, use of protected species 
observers, and passive acoustic monitoring—all of 
which are designed to reduce the risk to marine life. 
Further, on the Atlantic Coast, pile driving should not 
occur during the peak season of North Atlantic right 
whale occurrence. Mandatory terms and conditions 
and reasonable measures to minimize the extent of 
incidental effects on endangered species during 
OSW activities are issued by NOAA.

Cumulative and population level effects of 
pile driving noise have increasingly become 
a consideration with the expansion of OSW 
development in some regions. The cumulative 
impacts of noise are considered across multiple OSW 
farm projects and in the context of existing pressures 
from other noise sources in the ocean. In Scotland, 
a framework was developed to assess population-
level impacts of disturbance from piling noise on 
a protected harbor seal population near multiple 
proposed wind farm developments. Models of seal 
distribution were combined with models of noise 
propagation and integrated with data to

Developers are guided 
to employ state-of-the-
art, low-noise turbines 
or other technologies 
to minimize operational 
sound effects.

Figure 4.5 Air bubble curtain, seen as rings around the pile driving platform, during foundation installation for the
Coastal Virginia OSW pilot project. Photo from Dominion Energy.

https://www.dominionenergy.com
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estimate potential impacts, including inferring 
displacement and auditory injury. Several other 
types of population models have been developed 
to understand the impacts of pile driving on 
marine mammals, including in the North Sea, 
the United Kingdom, and German Bight. For 
example, the population consequences of 
disturbance model is one type of model that has 
been developed to assess the combined effects 
of individual animal exposures to stressors at the 
population level, and has been applied to study 
the effects of OSW farms.

In addition to pile driving, other aspects of wind 
farm activity produce noise; however, they are 
perceived to be of less risk to marine life than 
wind farm construction. In Danish and United 
Kingdom OSW farms, monitoring techniques 

have demonstrated the regular presence of 
harbor porpoises and seals during the operational 
phase without inducing significant adverse 
responses in these protected animals. In Europe, 
given little indication so far that operational noise 
from OSW farms impacts marine life, mitigation 
measures have not been a focus for development. 
With regard to support vessels, which are used 
throughout the life cycle of an OSW farm, 
propeller and diesel engine noise can sometimes 
be reduced through vessel retrofits and ship 
husbandry/maintenance. Accomplishing vessel 
quieting is not straightforward, but techniques 
like speed reduction and regular maintenance 
can significantly reduce radiated noise without 
requiring retrofits. Vessels can also be designed  
to reduce noise through changes in hull shape, 
engine, and propulsion method.
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KNOWLEDGE GAPS 
& RESEARCH NEEDS

As OSW development expands and new data 
are collected, research needs continue to evolve 
related to the understanding and minimization 
of noise impacts from OSW farms. Lessons have 
been learned from studies at European wind farms 
and initial development in the United States. For 
example, a common research need identified across 
multiple countries includes understanding of the 
impacts from OSW farms and their interaction with 
other pressures and cumulative impacts, at both the 
individual and population levels; these need to be 
improved using appropriate studies and tools, such 
as population modeling to link impacts to changes 
in vital rates (individual survival and fertility). In 
addition, new research needs have been identified 
for future larger-scale OSW development in the 
United States, including those associated with 
unique species, habitats, and larger turbines on the 
U.S. Atlantic and Pacific Coasts. Some of the key 
overarching questions that continue to be asked 
in each new region of development for particular 
species of concern include the following:

 • Could animals be displaced from the wind 
energy area by construction, operational,   
and maintenance noise?

 • Could animal behavior and/or physiological 
parameters change in response to noise?

 • Could noise disrupt fish and prey          
species’ availability?

 • How do we improve noise mitigation and 
monitoring to reduce potential impacts?

The level of information available and specific 
research questions related to the effects of 
OSW noise varies by species. Given the known 
sensitivity of marine mammals to underwater 
sounds and their protection in the United States 
under the ESA and Marine Mammal Protection 
Act, the impacts of noise on these  species is 
better understood compared to other species. For 
marine mammals, more information is still needed 
on: how noise impacts accumulate over time and 
multiple exposures; how multiple acoustic and 
non-acoustic stressors interact; and how effects on 
individuals affect a population as a whole. For fish 
and invertebrates, results from studies thus far are 
disparate, suggesting species-specific responses.
Further research on animal hearing thresholds is 
needed to better understand potential impacts of 
noise. Of the species listed under the ESA, the least 
amount of information exists about the impacts of 
underwater noise on sea turtles. There is an overall 
need to better understand turtle hearing to inform 
predictions of both physical and behavioral effects 
due to underwater noise. 

As more is learned about OSW development, those 
lessons will be used to improve environmental 
protections for marine species. Coordination 
across the multiple stakeholders involved with this 
topic will continue to play a key role in identifying 
and addressing research gaps, as well as making 
important linkages between managers and 
regulators.

For more information on the literature reviewed 
to develop this Research Brief, visit: Tethys

https://tethys.pnnl.gov/summaries/underwater-noise-effects-marine-life-associated-offshore-wind-farms


INTRODUCTION OF NEW 
OFFSHORE WIND FARM 
STRUCTURES: EFFECTS 
ON FISH ECOLOGY

MAIN TAKEAWAYS
 • The placement of new structures during offshore wind (OSW) farm construction can temporarily 
or permanently alter the habitat directly beneath and in the vicinity of fixed-bottom turbine 
foundations, depending on the foundation type, materials used, and sediment type.

 • Artificial reef effects have been documented at OSW farms based on the observed attraction 
of certain fish and invertebrate species to the turbine structures which provide a combination of 
hard vertical and horizontal substrates.

 • Floating OSW farms are still a relatively nascent technology and less is known about their 
potential effects on fish and shellfish. Based on the technology type, they may have less of a 
direct effect on fish species and habitats because of the limited vertical profile of the floating 
foundation and smaller footprint associated with mooring and anchoring.

 • Monitoring for changes in the biological community at OSW farms should be driven by specific 
objectives and hypotheses. Effective monitoring practices for understanding potential changes 
in fish communities at OSW farms include implementation of the BACI approach (before-after/
control-impact) or the BAG approach (before-after gradient) and data collection from trawl, trap 
and habitat surveys, fish tagging, and other methods.

 • Examples of best management practices include siting projects away from sensitive habitats and 
minimizing seafloor disturbance during construction of the facility and associated infrastructure. 
Structures have the potential to be beneficial if they are specifically designed to meet the life 
requirements of a target population or a habitat need.

Please visit Tethys to view the literature reviewed to inform the development of this research brief.

3.5

https://tethys.pnnl.gov/summaries/introduction-new-offshore-wind-farm-structures-effects-fish-ecology
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Structures introduced into the marine environment 
can cause shifts in fish distributions and potentially 
serve as fish attraction devices. These structures 
alter habitat by introducing new hard surfaces 
into an environment of soft sediment and are 
rapidly colonized by epifaunal organisms. Through 
colonization, the structures can introduce a different 
community of organisms and alter the food web 
for fish within the local ecosystem. The structures 
also add vertical habitat that attracts fish, which 
establishes a new food web of predator/prey 
relationships. These shifts have been considered 
both an enhancement of the environment by 
supporting local biodiversity and a detriment 
because they alter the local ecological system.

The long history of studies at offshore structures 
in the United States and Europe, including energy 
structures, provides analogies that inform our 
understanding of offshore wind (OSW) energy 
development and the possible effects on fish 
ecology. Many of these analogous studies have 
documented the colonization of the newly 
introduced habitat by hard substrate species. 
Offshore energy structures can introduce surfaces 
throughout the full water column, from the splash 
zone to the seafloor, providing a novel hard 
substrate that would otherwise be absent in the 
natural environment. The hard surface introduced 
by submerged structures is initially colonized by 
epifaunal organisms, including invertebrates such 
as mussels and barnacles (Figure 5.1). Over time, 

the initial set of species often develops through 
succession into a biodiverse community comprising 
a variety of species. In many cases, fish and shellfish 
species are attracted to the structures for shelter 
and to feed on the epifaunal organisms. The fish 
species identified at structures typically vary with 
depth and include species in the water column and 
near the seafloor. With relevance to both fixed and 
floating OSW energy, lessons learned from oil and 
gas infrastructure imply that the physical presence of 
structures may protect fished species or habitats by 
excluding fishing, establishing new reef habitat, and 
functioning as fish aggregating devices.  

This brief focuses on the placement of new OSW 
structures and effects on fish ecology, including 
colonization, aggregation, and potential artificial 
reef effects. However, the effects on fish ecology 
are a consideration for each phase of OSW farm 
development and include other topics such as 
underwater noise and electromagnetic fields that are 
the focus of separate research briefs.

Types of Fish and Invertebrates Present at Offshore Structures
 • Epifaunal organisms: Organisms that grow on the surfaces of submerged structures, including 
stationary and mobile invertebrates (mussels, barnacles).

 • Demersal fishes: Groundfish (flounder, haddock) that spend most of their time living and feeding 
on or near the seafloor.

 • Benthopelagic fishes: Fish that live in close association with the bottom of the sea but can move 
to the upper parts of the water column (cod, pouting).

 • Pelagic fishes: Fish that occupy mid and surface waters with the ability to perform daily vertical 
migrations (mackerel, sea bass).

TOPIC DESCRIPTION

49

The colonization of newly 
introduced habitat by hard 
substrate species (such as 
mussels and barnacles) has been 
documented in several studies.
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The implications for fish communities that result 
from the placement of OSW energy farms depends 
on a complete understanding of both the effects 
on fish habitat and resources as well as the broader 
ecological consequences. Benthic communities 
and associated fish and shellfish populations can 
be affected by the temporary or permanent habitat 
alteration caused by the space occupied by the 
OSW farm, installation of scour (erosion) protection, 
and temporary disturbance of the seabed during 
construction of turbines and associated components. 
In terms of turbidity effects, increased levels of 
suspended sediment during construction would 
be short-lived and intermittent, spread out over 
the duration of construction, and primarily limited 
to several meters around the construction activity. 
Seabed disruption can release contaminants into 
the water column, with the potential to cause 
toxicological effects in fish and other species. This 
issue has not been considered a concern in offshore 
environments away from point sources of pollution. 
In the United Kingdom, there was no evidence 
of contaminant loading in oysters during OSW 
farm construction at Kentish Flats. The footprint 

size and habitat effects of wind turbines depend 
on the turbine foundation type and materials 
and on the sediment type where the turbines are 
constructed. For fixed-bottom foundations, sediment 
footprints range in size (measured in area) from 
the smaller footprints of jacket foundations to the 
larger footprints of monopiles and gravity-based 
foundations with their associated scour protection 
layers. Floating OSW turbines will affect fish habitat 
and species differently because they are located in 
deeper waters and have floating structures that are 
anchored to the seafloor via mooring lines. 

MAIN RISKS & EFFECTS

Reef effects have been reported 
at several offshore wind farms 
based on observations of 
increased abundance of certain 
fish and shellfish species in the 
direct vicinity of wind turbines.

Figure 5.1 Underwater image of fish and mussels gathered near offshore wind turbine foundations at the Coastal 
Virginia Offshore Wind farm. Photo from Dominion Energy.

https://www.dominionenergy.com
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A widely studied consideration for OSW farms 
has been the potential “artificial reef” effects of 
turbine foundations, which refers to their ability to 
mimic characteristics of a natural reef, including 
the associated attraction of fish and invertebrates 
(Figure 5.2). OSW turbine structures provide 
a combination of hard vertical and horizontal 
substrates, depending on the foundation type, 
which can attract various fish species based on 
available shelter and food. The food web impacts 
on fish ecology at several Belgian OSW farms 

have been linked to changes in demersal and 
benthopelagic fish diets. In Europe, reef effects 
have been reported at several OSW farms based 
on observations of an increased abundance of 
certain fish and shellfish species in the direct vicinity 
of wind turbines and their scour protection (e.g., 
crabs, cod, sea bass, and mackerel). However, not 
all species of fish appear to be attracted to the 
structures of the studied wind farms. For example, 
studies at North Sea wind farms have shown that 
Atlantic cod are attracted to foundations, but there 

Figure 5.2 Offshore wind 
farm foundations provide 
habitat for epifaunal 
organisms along a depth 
gradient, which attracts 
fish and other species. 
Illustration by Hendrik 
Gheerardyn (reprinted with 
permission from Degraer et 
al. 2020). et al. (2020).

https://tethys.pnnl.gov/publications/offshore-wind-farm-artificial-reefs-affect-ecosystem-structure-functioning-synthesis
https://tethys.pnnl.gov/publications/offshore-wind-farm-artificial-reefs-affect-ecosystem-structure-functioning-synthesis
https://tethys.pnnl.gov/publications/acoustic-impacts-offshore-wind-energy-fishery-resources-evolving-source-varied-effects
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was no evidence that common sole were attracted 
to similar monopile habitats. Considering the larger 
OSW farm as a whole, preliminary studies from 
Denmark, the Netherlands, Japan, and Sweden 
found that fish abundance has either increased (e.g., 
cod, whiting, sole) or has not been affected.

The transferability of European study results to 
U.S. OSW farms needs to be considered in light 
of a variety of factors, including differences in fish 
species, oceanographic conditions, prevalence 
of hard bottom habitats, and the international 
differences in fisheries exclusions. To understand 
the environmental effects of OSW farms, the 
U.S. Department of the Interior Bureau of Ocean 
Energy Management (BOEM) initiated the Realtime 
Opportunity for Development Environmental 
Observations (RODEO) study in 2015 to inform 
management on how to avoid or mitigate undesired 
effects at future facilities and how to prioritize 
future monitoring efforts. This study was initially 
designed based on strategies and key findings 
from monitoring programs and studies in Europe. 
As part of RODEO, multiyear measurements were 
collected at the first OSW farm in the United States, 
Block Island Wind Farm. These measurements 
have demonstrated quick colonization of the 
structures and increased local diversity through 
increased habitat complexity provided by the 
wind turbine structures. Observations around the 
turbine foundations at Block Island Wind Farm have 
indicated dense mussel aggregations, organic rich 
sediments, and the presence of juvenile crabs, black 
sea bass, and other native benthopelagic fish.

Other effects that may occur from OSW foundations 
include the risk of spreading invasive species across 
a region via “stepping stones” — small areas with 

better environmental conditions — which is a risk 
that will vary by geographic location. There is 
also concern that the introduction of foundations 
where similar features may not exist could alter 
the migration patterns of some fish species by 
encouraging them to linger at OSW sites. This 
attraction effect will depend in part on the size 
(surface area and volume) of different foundation 
types. Floating foundations may have similar 
attraction effects at the floating components in the 
surface-water layer, but with reduced attraction 
at greater depths where only mooring lines and 
anchors are present. Additionally, OSW farms have 
the potential to alter hydrodynamic processes 
(movement patterns of water) in a localized and 
spatially limited area, with possible implications for 
fish ecology. Preliminary larval dispersal modeling 
results for sea scallops, hake, and flounder in U.S 
Atlantic waters suggests that OSW turbines can 
affect circulation and mixing in the vicinity of 
the turbines, with the potential to change larval 
abundance and settlement density in the area. 
European modeling studies have assessed the 
possible effects of OSW farms on larval transport, 
showing a range of connectivity depending on the 
location. In the North Sea, the potential aquaculture 
benefits of OSW farms have been considered for 
supporting oyster larval dispersal and restoration.

For floating OSW farms, relevant considerations 
for fish ecology include the choice of foundation 
type, mooring and anchoring configurations, and 
marine communities associated with deeper waters 
relevant to these projects (over 60 meters [197 feet]). 
The direct effects from presence of the foundation 
structure on benthic species and habitats are 
typically considered lower at floating foundations. 
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Artificial reef effects will differ with the type of 
floating foundation depending on depth and surface 
area of the submerged structures. There may be 
a risk of spreading invasive species with floating 
foundations because they are generally towed to the 
site from ports, which could increase the potential 

for the introduction of invasive species at the wind 
farm site. At the seafloor, the mooring anchors and 
subsea cables associated with floating structures 
may function as artificial reefs, if not fully buried. The 
artificial substrates may also invite colonization by 
nonnative species.

MONITORING & MITIGATION 
METHODOLOGIES

Figure 5.3 Implementation of the before-after/control-impact (BACI) approach at offshore wind farms for understanding 
ecological change as a result of structure emplacement. In the BACI approach, surveys are conducted before 
construction (left) and after construction (right) at a control location (top) and location of impact (bottom). Sample 
locations based on Carey et al (2020).

Guidelines for OSW project monitoring emphasize 
the importance of having clear research objectives 
and hypotheses to guide selection of experimental 
design and sampling methods. A combination 
of monitoring techniques can be used to assess 
changes in fish ecology around OSW turbines, 
including effects on species composition and 
the factors responsible for observed changes. To 
monitor potential impacts, the BACI approach is 

often used to investigate changes between the 
preconstruction (baseline) and postconstruction 
(operational) phases to account for both spatial and 
temporal changes. This approach requires sampling 
the wind farm project area as well as an appropriate 
reference area that is representative of the habitat 
and community but not impacted by the OSW farm 
(Figure 5.3). An alternative approach is the BAG 
design, which allows for assessment of the spatial 

https://tethys.pnnl.gov/publications/effects-block-island-wind-farm-coastal-resources-lessons-learned
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variability and extent of wind farm effects and may 
improve statistical power by incorporating distance 
from the turbine directly into models.

In Germany, there are guidelines for fish monitoring 
in the North Sea and Baltic Sea that follow the BACI 
approach and recommend using trawl surveys to 
provide an assessment of the local fish fauna and 
possible changes in abundance, distribution, and 
community composition. In the United States, the 
National Oceanic and Atmospheric Administration 
(NOAA) Fisheries is responsible for conducting trawl 
surveys for fishery stock assessments, including 
on the Atlantic and Pacific Coasts. Trawl surveys 
use nets towed behind a boat to collect organisms 
at different depths in the water column (surface, 
midwater, and bottom) and provide fish samples 
for further analysis. In addition to trawl surveys, 
other monitoring concepts applied in Europe and 
considered in the United States include using data 
from existing sampling programs and data collection 

through gill nets, traps or pots, hydroacoustic 
surveys, scuba diving surveys, fish tagging 
(telemetry), and associated statistical analyses.

Many years of monitoring at European OSW farms 
has provided valuable guidance for assessing fish, 
invertebrates, habitat, and other environmental 
considerations as the U.S. OSW industry grows. 
At Block Island Wind Farm, multiyear studies were 
required as part of lease agreements with the state 
of Rhode Island and were conducted to separate 
the effects of construction and operation from 
regional changes in environmental conditions on 
hard-bottom habitats, demersal fish, lobsters, 
and crabs. Study elements to evaluate fish and 
fisheries resources included early engagement with 
stakeholders, adaptive monitoring, cooperative 
research with commercial fishermen, use of methods 
consistent with regional surveys, sampling within 
a BACI design, and various statistical analyses. 
Replicated sampling was conducted during baseline, 

Methods Used To Study How Offshore Wind Farms Affect Fish Ecology
 • Before-after/control-impact (BACI): An approach that compares an impact location with an 
unaffected control both before and after the intervention (e.g., construction of the OSW farm).

 • Before-after gradient (BAG): An approach that samples along a gradient with increasing distance 
from the wind turbines both before and after the intervention.

54
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construction, and operational phases for demersal 
fish (trawls and video surveys), lobster (ventless trap 
sampling), recreational boating activities, and hard-
bottom habitat (Figure 5.4).

In U.S. federal waters, OSW development is 
overseen by BOEM in four distinct phases: planning, 
leasing, site assessment, and construction and 
operations. Conceptual decommissioning plans for 
all planned facilities are also submitted to BOEM as 
part of the construction and operations plan. Early 
considerations during the OSW planning process 
are intended to help minimize impacts on fisheries 
resources and habitat, including a requirement 
for seafloor surveys. Example best management 
practices recommended by BOEM to address 
the effects on fish resources and essential fish 
habitat include siting projects away from sensitive 
habitats and minimizing seafloor disturbance 

during construction and installation of the facility 
and associated infrastructure. Appropriately sited 
projects minimize the alteration of protected or 
critical habitat, such as spawning and foraging 
habitat, and known fish migration routes. Project 
siting depends, in part, on benthic habitat 
mapping to avoid siting in sensitive habitats that 
are critical for important taxa, such as American 
lobster, Atlantic cod, and longfin squid. Following 
leasing, developers are required by BOEM to 
submit biological assessments, including for fish 
populations, and benthic habitat monitoring plans 
as part of the construction and operations plan 
for their planned development. These biological 
assessments help inform appropriate siting for the 
wind farm, including micrositing to avoid specific 
sensitive habitats within the wider site. 

Figure 5.4 Survey methods used at Block Island Wind Farm for studies related to fish and fisheries resources. 
Illustration by Steven Sabo, INSPIRE. Reprinted with permission from Carey et al. 2020.

https://tethys.pnnl.gov/publications/effects-block-island-wind-farm-coastal-resources-lessons-learned 
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NOAA Fisheries is responsible for providing 
scientific and regulatory review, conducting an 
official consultation on the potential impacts of 
proposed wind farm developments on essential fish 
habitat, and providing conservation and mitigation 
recommendations. For example, NOAA Fisheries 
scientists and colleagues are performing studies 
of Atlantic cod and other commercial fish species 
in southern New England. Their goal is to gather 
baseline data to address how OSW development in 
the region could affect these animals.

Moving forward, there are emerging considerations 
for the potential use of nature-inclusive foundation 
designs, dependent on the landscape context 
for these enhancements to fulfill life stage 
requirements of target species. Nature-inclusive 
designs include “measures that are integrated in or 
added to the design of offshore wind infrastructure 
to increase suitable habitat for native species.” 
Example designs developed for the Dutch North 
Sea include add-on options for foundations (e.g., 
“hotel” structures for fish egg attachment, Figure 
5.5) and optimized scour protection designs to 
enhance ecological functioning. Structures have 
the potential to be beneficial if they are specifically 
designed to meet  the life requirements of a target 
population or a habitat need.

Monitoring and mitigation considerations are still 
being developed for floating OSW farms given the 
relatively nascent stage of the technology. In the 
United States, historical and on-going deep-water 
habitat surveys on both the Atlantic and Pacific 
Coasts will provide important baseline information 
for floating wind farm siting. Proper burial of the 
mooring anchors and subsea cables associated  
with floating structures may help alleviate the 
impacts of artificial reef effects, if considered 
deleterious in a region. In addition, appropriate 
siting of floating technologies will need to consider 
coral protection and habitat management areas 
established in deep waters.

Figure 5.5 Fish hotels are an example of nature-inclusive design add-on options for offshore wind foundations in Europe, 
including the Biohut© artificial fish nursery (photo) and a fish hotel designed to accommodate primarily Atlantic cod 
(inset). Photo and inset reprinted with permission. Photo by Remy Dubas/ECOCEAN©. Inset design by Witteveen+Bos 
Hermans et al. 2020.

In the United States, as part 
of the offshore wind leasing 
process, developers are required 
to submit biological assessments 
and habitat monitoring plans as 
part of their construction and 
operation plans.

https://tethys.pnnl.gov/publications/nature-inclusive-design-catalogue-offshore-wind-infrastructure
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KNOWLEDGE GAPS & 
RESEARCH NEEDS

As OSW deployment grows, there is a need for 
clear research questions and improved methods to 
understand the effects that various wind turbine 
structures can have on fish ecology. For example, it 
can be challenging to determine if and why changes 
occur in fish distributions at OSW structures given 
the requirements for quantifying change, including 
access to both adequate baseline and reference 
data. As baseline datasets, long-term stock 
assessment surveys may themselves be affected 
by the development of OSW farms but will need 
to continue in some form after construction to 
help assess wind farm effects on fish distributions, 
including at the regional scale. Understanding 
potential effects of new structures at OSW farms 
also requires the ability to separate the many 
variables, both physical and biological factors, 
which affect fish distributions on a cumulative basis. 
This will include expanded research to identify 
which environmental variables affect species 
assemblages associated with wind farms at a larger 
scale and to separate changes caused by natural 
variability and anthropogenic impacts, such as 
climate change. A need has also been identified 
to investigate longer term changes both at the 
assemblage and species levels using a combination 
of monitoring and modeling techniques. 

Several key research questions remain important as 
OSW development expands into new regions off 
the U.S. Atlantic and Pacific Coasts. Examples of 
such questions include:

 • Do fish density and species composition 
change significantly around OSW turbine 
structures in different regions and what are 
the differences based on foundation type?

 • What processes are responsible for any 
observed changes in fish communities at 
turbine structures (e.g., food availability, 
shelter, predation)?

 • How do we distinguish changes in fish 
communities due to OSW farms from those 
due to other environmental factors, such 
as a warmer and more acidified marine 
environment?

 • In terms of consequences for ecosystem 
functioning, are fish communities on 
the turbine structures isolated from or 
connected to each other at the larger scale 
across turbines and multiple wind farms?

 • Does the artificial reef effect export 
measurable amounts of energy and biomass 
to the wider ecosystem or only serve locally 
as aggregating devices?

Collaborative approaches with regional scientists 
and the fishing industry will be important to ensure 
sampling methodology can be assessed in a 
regional context. Linking monitoring at the local 
and regional scales will continue to be an effective 
means of collating the knowledge needed to 
understand the effects of OSW farms and inform 
effective mitigation of the potential impacts of wind 
structures on fish ecology.

For more information on the literature reviewed 
to develop this Research Brief, visit: Tethys

https://tethys.pnnl.gov/summaries/introduction-new-offshore-wind-farm-structures-effects-fish-ecology


MAIN TAKEAWAYS
 • Subsea power cables are sources of electromagnetic fields (EMFs), which are made up of induced    
electric fields and magnetic fields.

 • EMFs from natural sources also exist in the marine environment. Some marine animals, such as sharks, 
salmon, and sea turtles, can detect naturally occurring electric and/or magnetic fields and use those 
signals to support essential life functions, such as navigating and searching for prey.

 • When in close proximity to subsea cables, some animals have demonstrated behavioral responses in a 
few studies, such as increased foraging and exploratory movements.

 • So far, behavioral responses of individuals have not been determined to negatively affect a species 
population, but further research is needed to refine our understanding of the effects of EMFs on wildlife.

ELECTROMAGNETIC
FIELD EFFECTS ON
MARINE LIFE

Please visit Tethys to view the literature reviewed to inform the development of this research brief.

3.6

https://tethys.pnnl.gov/summaries/electromagnetic-field-emf-effects-marine-life
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Electric power cables, such as those used in 
offshore wind (OSW) farms, are sources of 
electromagnetic fields (EMFs) that may add to 
and interact with other sources of electric and 
magnetic fields that are present on land, in the 
atmosphere, and underwater. Some marine animals 
have specialized receptors that can detect electric 
and/or magnetic fields. They use these senses 
for navigation, orientation, or detection of other 
organisms. While a small number of scientific 
experiments have shown that some animals 
have the ability to respond to EMFs, there is no 
conclusive evidence to determine that EMFs from 
an OSW farm will cause any impacts to an individual 
animal or population.

Similar to existing submarine power cables and to a 
lesser extent telecommunication cables, electrical 
cables at OSW farms are a source of EMFs in 
the marine environment. Over the past 50 years, 
most subsea power cables have been operated 

to transmit electricity across bodies of water. At 
OSW farms, submarine power cables are used to 
connect individual wind turbines together (i.e., 
inter-array cables) and to transmit power back to 
shore (i.e., export cables) (Figure 6.1). Inter-array 
cables transmit power using alternating current 
(AC) systems, and export cables can transmit power 
using AC or, for longer distances, direct current 
(DC) systems. Most power cables are buried in the 
seabed or protected with a concrete mattress or 
other coverings, but some cables for floating OSW 
farms are deployed in the water column (top-right in 
Figure 6.1).

TOPIC DESCRIPTION

Figure 6.1 An illustration of how electrical cables are used at fixed-bottom (top left) and floating offshore wind farms (top 
right). Inter-array cables connect between individual turbines and can be collected at an offshore substation to convert to a 
higher voltage export cable that connects to the onshore electrical system (bottom). Drawings are not to scale.

Submarine power cables are 

used to strong individual offshore 

wind turbines together and 

transmit power back to shore.
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What are EMFs?
Electromagnetic radiation is present in the environment across a spectrum of frequencies including 
radio waves, microwaves, visible and ultraviolet light, and X-rays. EMFs are a type of low-frequency 
electromagnetic radiation generated from natural and anthropogenic sources such as the Earth’s 
geomagnetic field, thunderstorms, power cables, and electronics. The type of power cable that is used (AC 
or DC) influences the types of EMFs that are created. Low frequency EMFs from power cables include both 
magnetic and electric fields, which are described below.

 • Electric Field: When a subsea power cable is electrically charged, it produces an electric field, 
or E-field. When perfectly grounded, the electrical shielding prevents E-fields from entering the 
surrounding environment.

 • Magnetic Field: When an electrical current flows through a cable, it produces a magnetic field, or 
B-field.

 • Induced electric Field: The oscillation of an AC magnetic field creates an induced electric field, or 
iEfield. Induced electric fields have the same properties as an electric field produced by the voltage on 
the conductors within the cable (E-field), except they are generated through a different mechanism.

 • Motion-Induced Electric Field: When a conductive object or an electric charge moves through a 
magnetic field, it produces a motion-induced electric field. For example, a motion-induced electric field 
is created when seawater or aquatic animals pass through a static magnetic field, such as the Earth’s 
geomagnetic field or a B-field around a subsea cable.

Figure 6.2 Depiction of an EMF from an electrical cable (left) and relative field strength (right) from a snapshot in time. 
The electric field (orange) is contained by the cable shielding. The magnetic field (blue) is produced by both AC and DC 
cables. A motion-induced electric field (green) is created as a conductive object moves through the static DC magnetic 
field of the Earth or the magnetic field from a subsea cable. The figure does not show an induced electric field that would 
be created around an AC cable due to the rotating magnetic field (AC only).
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How are EMFs generated at   
offshore wind farms?
Subsea power cables are shielded and grounded, 
which eliminates most electric field emissions into 
the surrounding environment as long as the cable is 
undamaged (Figure 6.3). However, magnetic fields 
cannot be eliminated through cable design and 
will surround the area of the cable. Local motion-
induced electric fields then are produced when an 
animal or seawater moves through a magnetic field.

Power cables from OSW farms can carry either AC 
or DC power. AC power typically is used for export 
cables from existing OSW farms, but because of 
lower cable costs and lower power losses, DC 
systems may become more economical as projects 
move farther from shore even though their terminal 
converter costs are higher. Both AC and DC systems 
produce magnetic fields, but DC cables are capable 

of carrying higher power levels that may result 
in the generation of stronger B-fields than those 
generated from an AC cable.

EMFs are strongest immediately adjacent to the 
cable. The strength of the magnetic field and an 
associated induced electric field decreases with 
distance from the cable (Figure 6.4). The highest 
intensities of magnetic fields typically are observed 
within the first few meters around a subsea power 
cable; however, this distance will increase as higher 
electric current levels are carried in these cables. In 
certain scenarios, magnetic fields beyond the first 5 
meters (16 feet) from to the cable have decreased 
to less than 10% of the magnitude of the initial 
magnetic field. The magnitude of the total magnetic 
field (i.e., Btotal = Bearth + Bcable) also depends on 
the interaction with the local geomagnetic field 
intensity and its orientation, which results in both 
positive and negative deviations in the field.

Figure 6.3 Subsea AC electrical 
cable, adapted from ABB (2019)

Figure 6.4 Modeled spatial distribution of the modeled magnetic field strength on 
the seabed from existing and proposed offshore wind AC cables (figure adapted 
from Normandeau et al., 2011). The spatial range shown here extends on both 
sides of the cable and would be present along the entire length of the subsea 
cable; often several kilometers or longer. Note that this plot shows the magnetic 
field strength from subsea cables, not the induced electric field from AC cables.

https://tethys.pnnl.gov/publications/xlpe-submarine-cable-systems-attachment-xlpe-land-cable-systems-users-guide
https://tethys.pnnl.gov/publications/effects-emfs-undersea-power-cables-elasmobranchs-other-marine-species


SEER  //  Environmental Effects of U.S. Offshore Wind

62

EMF Detection
An animal’s sensory abilities determine the EMF components that it can detect (i.e., E-field, B-field, 
iE-field). Their sensitivity to an EMF and the minimum and maximum intensity thresholds at which they 
can sense the field will determine whether it responds to an EMF emitted from an electrical cable. 
Sensitivity to an EMF is specific to each species (Figure 6.6), and the range of detectable EMFs is 
difficult to generalize for all animals within one group without a focused study. The frequency of an EMF 
also is important. It has been demonstrated that DC and low-frequency (e.g., <10 hertz [Hz]) fields can 
be detected by some species, but there is less evidence that sensory mechanisms of marine species in 
North America respond to fields at higher frequencies of 50–60 Hz associated with AC power cables. 

How do animals sense EMFs? 
The ability to sense either electric or magnetic 
fields has been identified or theorized for a range 
of marine wildlife including some fish species, 
elasmobranchs (i.e., sharks, skates, and rays), 
cetaceans (i.e., whales and dolphins), some sea 
turtles, and invertebrates (i.e., some snails, lobsters, 
and crabs). Electroreceptive species detect electric 
fields using special sensory organs, known as the 
Ampullae of Lorenzini, in sharks, skates, rays, and 
relatives of those species (Figure 5). The biological 
mechanisms for magnetoreception—or the ability 

to detect magnetic fields—are not completely 
understood despite years of research. Experts 
currently believe that magnetoreception occurs 
either when an animal detects an induced electric 
field or when animals have internal magnetic 
minerals that sense a magnetic field and send 
signals through their nervous system. Regardless 
of how a marine animal detects forms of EMFs, 
these abilities allow some electrosensitive  and 
magnetosensitive species to respond to an EMF 
from electrical cables if the field is within their 
sensory range.

Figure 6.5 Ampullae of Lorenzini 
are electroreceptors located 
within pores on the head of a 
shark. Images from Wikimedia 
Commons (left, right).

Spiracle

1st Gill Slit

Figure 6.6 Examples of marine 
wildlife with the ability to sense 
EMFs. This diagram does not 
include all electrosensitive and 
magnetosensitive marine life. 
*Note that the hypothesis of 
magnetosensitivity in cetaceans 
is primarily  based on indirect, 
theoretical, anatomical, and 
limited observational evidence 
based on  migratory behaviors.
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The ability to detect electric or magnetic fields 
supports essential life functions in some marine 
animals, such as locating predators or prey and 
navigating and orienting through water. Although 
the physical interactions between cable-induced 
EMFs and naturally occurring EMFs are not well-
understood, EMFs from subsea cables also may 
disguise or distort natural EMF cues that animals use 
for important life functions. It has been hypothesized 
that adding anthropogenic EMFs to the marine 
environment would interfere with the reception of 
electrical and magnetic signals by sensitive marine 

species and perhaps interfere with their ordinary 
response to natural electric or magnetic signals. 
Most scientific research has used laboratory or field 
experiments to understand electrosensitivity or 
magnetosensitivity of species. This research helps 
provide a greater understanding of how some animals 
use electric and magnetic fields for essential life 
functions, but specific studies, including experiments, 
are needed to understand whether EMFs from 
subsea cables will have a significant effect on the life 
outcomes of an individual or population.

MAIN RISKS AND EFFECTS

Most scientific research has used laboratory or field experiments 
to understand electrosensitivity or magnetosensitivity of species.
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How does marine life respond to EMFs?
Some marine life can detect electric and magnetic fields. Different species will respond to EMFs 
in different ways depending on how that animal uses EMFs in the natural world. Some behavioral 
responses are described below.

 • Navigation and Orientation: Some invertebrates, sharks, stingrays, sea turtles, eels, and 
salmon have been observed to use their sense of the geomagnetic field to help navigate during 
migrations and orient themselves to return to a specific location. Loggerhead sea turtles, which 
are present on both the Atlantic and Pacific Coasts, use magnetosensitivity to navigate during 
their migration and then reorient to return home. Sockeye salmon have been found to use the 
Earth’s magnetic field, in addition to chemical signals, to navigate through the ocean back to 
their home river to spawn. Local magnetic anomalies or additional sources of EMFs are not 
known to disrupt an animal’s sense of location, but there is limited evidence to confirm this. Field 
observations show that some species are able to navigate through a complex magnetic landscape 
with anthropogenic magnetic fields. For example, young Chinook salmon and green sturgeon in 
San Francisco Bay appear to detect magnetic fields from high-voltage DC power cables and large 
static magnetic anomalies produced by metal bridges as they moved through the bay to the 
ocean, but their migration was not affected.

 • Predator and Prey Interactions: Some electroreceptive predators use the ability to sense 
electric fields to detect prey, and some electroreceptive prey use the same ability to detect the 
location of predators. Sharks, rays, and skates use their sense of electric field for close-range 
detection of prey, especially when the target is outside their line of sight. Additionally, some prey 
in the embryonic state (e.g., rays and sharks) will initiate a freeze response to avoid detection 
when predators are present. During this time, gill movement, tail beating, and all ventilatory 
behaviors stop. However, it is unknown whether anthropogenic EMFs from subsea cables or 
other sources might influence this freeze response. Some species, such as the little skate, have 
shown increased exploration/foraging behaviors when exposed to EMFs from DC cables. When 
encountering AC cables, another study found that small-spotted catshark more frequently visited 
the area and exhibited less movement nearby the AC cables, which are behaviors typically are 
associated with feeding patterns in benthic catsharks.
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 • Avoidance, Attraction, and Behavioral Effects: The ability of some marine life to detect 
EMFs can lead to attraction or avoidance behaviors when these fields are present. In a natural 
setting, some species use EMFs to locate the opposite sex during mating season, whereas 
others use it to detect prey, predators, or other individuals. Higher-strength EMFs may elicit 
avoidance behavior in some species whereas lower-strength fields, which could mimic EMFs 
from prey, may attract other electrosensitive species. Studies show that species respond 
to EMFs with different behaviors. When encountering EMFs, the American lobster exhibits 
an increased likelihood of exploratory behaviors, and the brown crab reduces roaming and 
exhibits attraction behaviors to shelters where EMFs are present. Another study shows a 
similar species, the European lobster, exhibits no attraction, foraging, or exploratory behaviors 
when exposed to a static EMF. Similarly, yellow rock crab and red rock crab also did not exhibit 
attraction or repulsion when exposed to EMFs. The range of results from these behavioral 
studies helps illustrate how animals may or may not respond to different types of EMFs. 

 • Changes Throughout Life Cycle: EMFs can elicit anatomical responses during an animal’s 
entire life cycle. For example, in one study rainbow trout hatched a day earlier after exposure 
to a static magnetic field, and in another study they displayed a faster growth rate and 
enhanced immunity and resistance to disease when exposed to a low-frequency (i.e., 15 Hz) 
magnetic field. In both cases, the EMF had no effect on the mortality of larval or embryonic 
fish. Steelhead trout raised in natural magnetic fields are able to orient themselves better than 
steelhead raised in a distorted, static magnetic field (i.e., a hatchery). Physiologically, it has 
been shown that juvenile benthic organisms are affected cellularly when they are exposed to a 
high-strength (i.e., 50 Hz) AC EMF field. An animal’s response and sensitivity to EMFs also can 
change during different life stages. Skates and rays use their electrical sense in early ages to 
find prey and then adapt to use electrosensitivity for social communication and to find mates 
during later life stages. Understanding potential effects of EMFs from subsea cables requires 
knowledge of how a cable intersects different ecosystems and life stages of animals and how 
often animals will encounter EMFs at frequencies and intensities within their detection range.
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Anthropogenic EMFs can stimulate behaviors in 
marine life that would occur normally in response 
to natural EMFs (e.g., attraction to a subsea cable 
because it is mistaken for prey) or it can temporarily 
disrupt an animal’s ability to use existing EMFs 
in their environment (e.g., a subsea cable locally 
distorting a geomagnetic field used by some animals 
for navigation). Behavioral responses to EMFs would 
be anticipated only in species that can sense these 
fields, such as those shown in Figure 6.6. Animals 
with the ability to detect an EMF does not mean they 
will respond to, or be affected by, new EMF sources 
in their environment.

To understand the potential for EMFs to affect 
marine life, we must consider several technical, 
geographic, and biologic factors:

 • Cable Characteristics: The type of subsea 
cable (AC or DC) influences the characteristics 
of the EMF as well as its detectability by 
different species. Additionally, while inter-array 
and export cables both emit EMFs, inter-array 
cables typically operate with lower electrical 
current, which generate lower-strength EMFs 
than export cables because the strength of the 
magnetic field is directly linked to the amount 
of current flowing through the cable. The 
distance or range that the EMF extends from 
the cable depends on several factors including 
the cable design and amount of power flowing 
through the cable. A model developed for 
existing subsea cables found that the strongest 
EMF is within the first 2 meters (7 feet) of 
the cable and then decreases to lower levels 
beyond 10 meters (33 feet) from the cable 
(Figure 4). Because of engineering limitations, 
multiple parallel export cables occasionally are 
installed to carry lower power loads per cable 
instead of using a single high-power export 
cable. In this case, a lower-intensity EMF may 
be emitted across a wider footprint depending 
on spacing and the electrical current flowing 
through the cables.

 • Marine Life Detection Range: Electrosensitive 
and magnetosensitive species are able to 
detect particular intensities and frequencies of 
EMFs. To sense an EMF from a subsea cable, an 
animal’s range of detection must overlap with 
the intensity and frequency of the EMF emitted 

from the cable. Distinct detection ranges 
of electric and magnetic fields are not well 
known for different species. Magnetosensitive 
species are considered to be responsive to 
very small changes in the magnetic field, as 
these species can use small deviations in the 
geomagnetic field over relatively long periods 
of time and distances for orientation and 
navigation. In contrast, electrosensitive species 
have receptors that can detect electric fields 
from low-frequency, low-voltage AC signals 
where the need for detection is immediate and 
the range of detection is limited to less than 
1 meter (3 feet). Some species such as sharks, 
skates, rays, invertebrates, and some fish have 
the greatest sensitivity to electric fields less 
than 25 Hz. AC cables used for electric power 
transmission, which operate at 60 Hz in the 
United States (50 Hz in Europe), appear to be 
less detectable by electrosensitive species. 
Overall, the intensity of EMFs does not directly 
correlate to potential environmental effects 
in which higher intensity means more likely 
effects. Instead, lower-intensity EMFs that 
are within the frequency detection range of 
marine organisms may be more likely to elicit a 
response.

 • Location of Cables and Likelihood of 
Encounter: Subsea cables cross through 
different marine ecosystems as they route 
back to shore. EMFs from subsea cables also 
need to be considered in the context of local 
geomagnetic field properties (intensity and 
orientation) to determine the level of EMF 
change that may be detected by migrating 
species. Site-specific studies help determine 
which EMF-sensitive species may use or 
migrate across a cable route. Marine animals 
that spend time on or near the seafloor are 
more likely to encounter EMFs than animals 
in the water column. Individual marine 
animals that frequently pass a subsea cable 
will encounter more EMFs during their life 
cycle, but the long-term effects from multiple 
encounters on survivability and reproductive 
success, if any, are not known.

 • Response to EMF: Responses to EMFs will 
vary based on how a species uses fields from 
natural sources. Animals may exhibit natural 
responses to EMF stimuli when they encounter 
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EMFs from subsea cables. Species that use the 
Earth’s static magnetic fields for navigation or 
to derive locational cues may lose track of their 
direction temporarily as they pass through a 
magnetic field around a cable. Animals that 
use EMFs to detect predators or prey may 
begin foraging for food around EMFs of the 
appropriate frequency and intensity.

 • Mechanisms of Impact to an Individual 
Animal or Population: Recent research has 
shown that a variety of marine species can 
detect and react to electric and magnetic 
fields. However, there is no conclusive evidence 
that shows whether or not an EMF from a 
subsea cable will cause negative impacts to 
an individual animal or population. Continued 
research and field studies are needed to 
understand potential impacts.

Despite behavioral effects observed for some 
species in the experimental studies, EMFs generally 
have been considered to have negligible or minor 
impact to marine species during environmental 
reviews of OSW farms or other scientific reviews. 
A regional evaluation of EMF effects in southern 
New England found that those effects would be 
negligible to fish and invertebrates. During surveys 
on the Pacific Coast of California, community 
structures of fish and invertebrates near existing 
AC subsea cables were found to be similar to their 
structure in a natural habitat, suggesting there was 
no response to the magnetic field. However, the 
evidence base to evaluate population level impacts 
is limited and requires extrapolating experimental 
studies; therefore, confidence in these assessments 
is considered low by some researchers.

EMFs from Floating Offshore        
Wind Farms
For floating OSW farms developed on the Pacific 
Coast or other deep-water locations, inter-array 
cables and a portion of export cables suspended 
in the water column will generate EMFs (Figure 

6.1). Most of these cables are inter-array cables, 
which carry less power than export cables and 
produce lower-strength EMFs that may be within the 
detection range of some species. While at present 
there is little evidence to illustrate an animal’s EMF 
detection range, floating cables have the potential 
to affect a different group of species (i.e., animals 
that move throughout the water column) that 
should be considered when identifying a project’s            
potential risk. 

Cumulative Effects
Increased numbers of subsea cables from future 
OSW farm projects and other marine industries 
possibly could lead to cumulative effects in heavily 
developed regions. The potential for cumulative 
effects from EMFs has not been characterized from 
studies or research. Still, an EMF from a single cable 
needs to be considered in the context of other 
cables in the area (i.e., existing and proposed cables) 
and other activities that might occur in the region. 
For example, the addition of new cables might 
increase the number of subsea cables a migratory 
species could encounter along its migratory route. 
These scenarios need to be studied to understand 
the actual interactions that may occur.

Status of Knowledge
Overall, there is no conclusive evidence that 
EMFs from a subsea cable creates any negative 
environmental effect on individuals or populations. 
To date, no impacts interpreted as substantially 
negative have been observed on electrosensitive or 
magnetosensitive species after exposure to EMFs 
from a subsea cable. Behavioral responses to subsea 
cables have been observed in some species, but 
a reaction to EMFs does not necessarily translate 
into negative impacts. Continued research and 
monitoring are required to understand the ecological 
context within which short-term effects are observed 
and if species experience long-term or cumulative 
effects resulting from underwater exposure to EMFs.

Animals with the ability to detect an EMF does not mean they will 
respond to, or be affected by, new EMF sources in their environment.
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Measuring or modeling the strength and extent of 
EMFs is an important step toward understanding 
if a specific cable has the potential to induce 
environmental effects. Magnetic fields can be 
modeled using specific information about the cable 
design and oceanographic conditions along the 
cable route. Model results can show how EMFs 
spread into the surrounding water horizontally and 
vertically from the cable (for example, Figure 6.7).

Measuring the electric and magnetic components 
of underwater EMFs is not a common practice. The 
strength of DC magnetic fields can be measured 
using a magnetometer, but custom instrumentation 
is needed to measure induced electric fields. 
Measurement devices can be towed behind a 
boat, attached to a remotely operated vehicle, or 
deployed at a stationary location near the cable. 
Marine animals can be tracked and monitored to 
identify behavioral changes in the presence of 
EMFs. While challenging to implement, experiments 
could be conducted at OSW farms where a cable is 
producing an EMF and also at a controlled location 
where no EMFs are present to evaluate response 
differences within a species.

Approaches for managing the effects of EMFs 
currently focus on reducing the amounts of these 
fields in areas of concern. Approaches that can be 
used to reduce EMFs are described below:

 • Siting: Cables should be routed to avoid 
habitat areas with electrosensitive and 
magnetosensitive species of concern. This 
approach may increase the cable length and 
distance but would separate EMF sources 
from sensitive species.

 • Burial: Cables typically are buried or 
protected with rocks or concrete mattresses 
to lower the risk of external damage. Cable 
burial plans are reviewed and approved as 
part of the Construction and Operation Plan 

and permitting phases of an OSW farm in the 
United States. In suitable seabed conditions, 
cables can be buried 1-2 meters (3-7 feet) 
below the seafloor to provide physical 
separation between the highest levels of 
EMFs adjacent to the cable and organisms 
that live near the bottom of the water column. 
However, burying the cable does not reduce 
the strength of the B-field in the soils directly 
adjacent to the cable; therefore, benthic 
organisms living below or at the seabed 
surface would still be exposed to the higher 
EMF intensities.

 • Cable characteristics: The intensity of a 
magnetic field increases with the amount of 
electrical current passing through a cable. 
Cables operating at higher voltages will 
produce lower-intensity EMF because higher 
voltage cables can transmit the same amount 
of power using lower electrical current. 

MONITORING & MITIGATION
METHODOLOGIES

Figure 6.7 Modeled magnetic field strength of a DC 
cable buried 1.5 meters beneath the seafloor. The 
magnetic field strength is highest just above the cable 
and then decreases with distance from the source. Fish 
not to scale. Image adapted from Hutchison et al. 2021.

https://tethys.pnnl.gov/publications/modelling-evaluation-electromagnetic-fields-emitted-buried-subsea-power-cables
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MONITORING & MITIGATION
METHODOLOGIES

 • Placement: When multiple, parallel cables are 
used, decreasing the distance between cables 
will reduce the area of the magnetic field. 
However, there are practical and technical limits 
to how close cables can be placed together 
due to physical conditions, such as the seabed 
type, or operational constraints, such as 
providing enough space for maintenance and 
repair of each cable. On the other hand, EMFs 
from separate transmission cables placed closer 
together will interact with one another, which 
may increase or decrease overall EMF strength.

EMFs are evaluated as part of the environmental 
review process for permitting OSW farms. In the 
United States, these fields have been described in 
Environmental Impact Statements and Construction 
and Operations Plans as having negligible-to-minor 
impacts. The environmental reports cite the burial 
depth, cable shielding, and limited range of EMFs 
as factors that contribute to a highly localized 
environmental condition that does not affect the 

entire habitat range for an animal. Mitigation or 
monitoring of EMFs has not been required for OSW 
projects in the United States. However, during its 
permitting process, the Block Island Wind Farm 
project modeled the EMF around subsea cables to 
predict the expected strength of the magnetic field. 
After project construction, researchers conducted 
field surveys to characterize the EMF from the AC 
export cable during operation and found that the 
magnetic field was 10 times lower than the modeled 
values commissioned by the grid operator. Without 
EMF detection or exposure thresholds for aquatic 
animals established by regulatory agencies, it is 
difficult for OSW projects to quantify environmental 
impacts. Further research can help determine if EMFs 
pose a potential risk to marine life, and if so, the 
frequency and intensity that would elicit a response 
and the ecological context of that response.
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Scientific studies related to EMFs in the marine 
environment have progressed significantly over 
the past 20 years to inform how wildlife detect and 
respond to these fields. Overall, the effects of EMFs 
have been considered minor-to-negligible and a less 
significant issue than other environmental effects at 
OSW farms; however, confidence in this assessment 
remains low. EMFs should be considered in more 
depth on a site-specific basis if electrosensitive 
species are present and the cable design does not 
reduce EMFs below perceptible levels. Further 
research is needed to understand if EMFs from 
subsea cables ultimately produce long-term or 
cumulative effects on marine life. These research 
gaps could be addressed through continued 
analysis of subsea cables and observations of 
the behavior of sensitive species around cables. 
Because the risk of EMFs causing population 
damage is currently considered low, research could 
be accomplished by monitoring throughout the 
operation of new subsea cables. OSW farms provide 
new opportunities to strengthen the scientific 
understanding of EMF effects by incorporating 
environmental monitoring into ongoing field studies. 
Focus areas for further research and specific study 
types are discussed below.

Cable Characteristics
EMFs from different cables have been characterized 
through computer models and, in a few cases, field 
measurements. EMF models (e.g., submitted as part 
of a Construction and Operation Plan) often are 
carried out both for average loading conditions and 
the maximum output of an OSW farm to provide 
a range of potential EMF levels based on varying 
wind conditions. In contrast, measurements of EMFs 
are, by definition, a specific snapshot in time and 
space. Measurements are valuable in that they can 

and have been validated to be able to extrapolate 
measured EMF to other power generation levels 
so conditions along the full length of the cable 
at all power levels and ocean conditions can be 
understood. As-built information (i.e., cable burial 
depths along the entire route) along with minute-
by-minute monitoring of power generated by OSW 
farms can therefore be combined to evaluate EMF 
models at any time and location. This would be 
a valuable tool for marine researchers involved in 
monitoring the activity of marine species around 
OSW farm cable installations. Research in this area 
could focus on developing real-time sensors to 
monitor the response of marine species to EMFs 
over time and to correlate those data with the 
properties and power flow through the cable.

Biological Studies
From a biological perspective, field studies in 
controlled environments or at operating cables 
help support laboratory research by identifying if 
EMF-sensitive species react to the signals in the 
field. While research should continue to study how 
individuals respond to EMFs at different stages of 
their life cycle, the overarching concern is whether 
specific observed behavioral responses to EMFs 
are likely to result in population-level impacts. 
Research toward this goal has been ongoing and is 
supported by basic research focused on identifying 
the detection range and sensitivity of marine wildlife 
to EMFs.

KNOWLEDGE GAPS &
RESEARCH NEEDS

For more information on the literature reviewed 
to develop this Research Brief, visit: Tethys

https://tethys.pnnl.gov/summaries/electromagnetic-field-emf-effects-marine-life


KNOWLEDGE GAPS &
RESEARCH NEEDS

BENTHIC DISTURBANCE 
FROM OFFSHORE 
WIND FOUNDATIONS, 
ANCHORS, AND CABLES

MAIN TAKEAWAYS
 • Foundations, anchors, and cables associated with offshore wind (OSW) energy development 
may alter the benthic environment during and after construction. Potential effects include 
alteration of habitat that displaces some invertebrate species, creation of new habitat that 
may increase invertebrate abundance and biodiversity, and physical and chemical changes to 
sediment structure.

 • Most physical effects on benthic habitat are localized to the areas closest to OSW farm 
infrastructure and not spread throughout the entire wind farm area. Individual wind turbines 
occupy a small percentage of the total area of a wind farm, though the development of multiple 
wind farms would create more areas of change across a larger area.

 • Benthic disturbance from displacement and suspension of seafloor sediment during construction 
tends to be temporary and recovery of the physical and biological conditions on the seafloor 
typically occurs within a few years.

 • OSW foundations, anchors, exposed cables, and scour (or erosion) protection can alter the 
diversity and abundance of benthic organisms throughout the operational life of a wind farm. 
The components provide new hard substrate on the seafloor and in the water column that will 
favor some organisms over others, possibly leading to habitat conversion.

Please visit Tethys to view the literature reviewed to inform the development of this research brief.

3.7

https://tethys.pnnl.gov/summaries/benthic-disturbance-foundations-anchors-cables
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All offshore wind (OSW) farms will have some 
interaction with the seafloor (Figure 7.1). In the 
United States, the Atlantic Coast is characterized by 
nearshore shallow waters, whereas along the steep 
shelf of the Pacific Coast or the deep basins of the 
Gulf of Maine, waters are deeper. In shallow waters, 
turbine foundations are typically installed directly 
onto or into the seabed and scour protection may be 
used near the turbine base to limit erosion around 
the foundation. In deeper waters, floating turbine 
foundations use mooring lines attached to anchors 
embedded in the seafloor to keep the floating 
platform in place. Regardless of how the foundations 
are installed, OSW farms will connect back to shore 
with electrical export cables that are buried or laid 
on top of the seafloor and protected by rocks or 
concrete mattresses. During construction, operation, 
and decommissioning of an OSW farm, the 
foundations, anchors, and cables will alter benthic 
habitat and organisms.

The understanding of benthic effects relies on 
research from existing OSW farms in Europe, the U.S. 
Atlantic Coast, and other human-made infrastructure 
at sea. Lessons learned from environmental 
monitoring of other analogous industries that have 
long been part of the marine environment, such as 
subsea telecommunications cables and offshore oil 
and gas platforms, can inform the expected benthic 
effects from OSW farm development.

TOPIC DESCRIPTION

During construction, operation, 
and decommissioning of an 
offshore wind farm, the 
foundations, anchors, and 
cables will alter benthic 
habitat and organisms.
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Benthic Habitat
Benthic habitat is the combination of physical, chemical, and biological conditions that together create 
a home for a variety of invertebrate organisms that are located on or in the seafloor. Flora and fauna 
found within a benthic habitat consist of a diverse set of organisms that differ in size, mobility, and other 
characteristics. Organisms living on top of the seafloor are called benthic epifauna and include crabs, 
mussels, coral, kelp, anemones, sponges, and sea stars. Organisms that burrow themselves into the seafloor 
are called benthic infauna and include clams, worms, and small crustaceans. In the benthic environment, 
there are both mobile organisms that can move throughout their habitat and sessile organisms that are 
permanently attached to a substrate in their adult life stages. Mobile and sessile organisms may be affected 
differently by OSW development because some mobile creatures can vacate or enter an OSW area to suit 
their preferences, whereas adult sessile organisms cannot.

The type of substrate in a given area highly influences the composition of the benthic community. Soft 
sediments such as sand or mud are inhabited by organisms like worms and amphipods that burrow or build 
tubes below the surface. Rocky substrates provide hard bottom habitat for various benthic epifauna that 
attach to hard substrate or use the habitat as shelter or nursery grounds.

This research brief discusses the effects of OSW on benthic invertebrate organisms. While many fish live and 
interact within the benthic environment, the effects on fish ecology are discussed in another research brief. 

Figure 7.1 Components of an offshore wind farm that can interact with the seafloor. Not to scale. Illustration by Alfred 
Hicks, National Renewable Energy Laboratory.

73

During construction, operation, 
and decommissioning of an 
offshore wind farm, the 
foundations, anchors, and 
cables will alter benthic 
habitat and organisms.

Under natural conditions, the benthic environment 
experiences changes as sediment and nutrients 
shift following underwater currents and as benthic 
communities cycle through life stages and seasonal 
shifts in abundance. Adding OSW components to 
the seafloor can temporarily or permanently disrupt 
environmental conditions, causing the benthic 
community to respond and adapt in different ways. 
The significance of each disturbance depends on 

the type of substrate present, permanence of the 
environmental effect, spatial extent—or footprint—
of the disturbance, speed and extent at which 
the seafloor and organisms recover back to their 
predisturbance state, and the ability of organisms 
to adapt to habitat in the disturbed areas. Further, 
the deployment of multiple OSW farms throughout 
a region can have cumulative effects that may be 
further multiplied by other activities.
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MAIN RISKS & EFFECTS

Changes to benthic habitats and associated biological communities can be caused directly and/or 
indirectly by OSW farms during preconstruction surveys, construction, operations and maintenance, 
and/or decommissioning (see table below). Some of these effects are likely to create changes while 
other are unlikely to occur or create significant impacts. Each effect is described below.

Loss of Habitat
Building OSW farms will invariably take up space 
on the ocean floor that may otherwise be used as 
habitat by benthic organisms. OSW components 
remove a small amount of existing habitat on the 
seafloor, which results in a loss of the habitat. OSW 
farms also introduce a new, artificial habitat to an 
area, which can result in a conversion of habitat to a 
different state (as discussed in the next section).

Fixed-bottom turbine foundations have the largest 
footprint of any wind farm component on the 
seafloor. Depending on the foundation design, 
the interface with the seafloor can be as large as 
a gravity foundation with a heavy base up to 30 
meters (m) (90 feet [ft]) in diameter or as small as a 

jacket foundation that has three cylindrical legs, each 
with a diameter of a few meters (Figure 7.2). The area 
where the foundation interfaces with the seafloor 
cannot be used in the same way by existing benthic 
organisms. Additionally, the seafloor underneath a 
tripod or jacket foundation may be altered because 
of the presence of the structure above the footprint 
in the water column.

The seabed immediately surrounding the foundation 
may be subject to erosion (or scour) in soft bottom 
locations depending on the strength of the ocean 
current and type of sediment. Scouring creates 
depressions and pits on the seafloor that alter 
habitat and can affect the stability of the foundation 
structure. When conditions in the wind farm are 

Overview of Benthic Effects From Offshore Wind Farms During Project Phases

P          C       O&M       D

PROJECT PHASE P = Pre-construction surveys

C = Construction

O&M = Operations & Maintenance

D = Decommissioning

  EFFECT

  Primary Considerations

Loss of Habitat

Conversion of habitat: introduction of hard substrate

Introduction of nonnative species

Seabed disturbance and recovery

Water quality, sediment, and turbidity

  Other Considerations

Contaminant release from sediment and offshore components

Noise and vibration

Heat emissions from cable

Electromagnetic field emissions from cable
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conducive to erosion, scour protection is installed 
around the turbine bases or subsea cables to limit 
the effects. Scour protection includes layers of 
rocks, mats, or other hard surfaces that improve the 
stability of the sediment. While scour protection 
is needed to protect the physical structure of the 
seafloor, it also increases the extent of altered 
seafloor, which may be considered a loss and/or gain 
of habitat depending on conditions.

In deeper waters, where floating OSW turbines 
would be used, anchors are installed on the 
seafloor and rest on a small area of potential 
habitat. Mooring lines made of steel chain, cable, or 
synthetic rope connect the anchors to the floating 
turbine platform. Some mooring designs use a taut 
cable that does not contact the seabed other than 
through the anchor. However, other designs, such 
as conventional catenary moorings, drape through 
the water column and have the potential to interact 
with the seabed. If anchors are left in place after 
decommissioning, they will create a permanent 
alteration of the benthic habitat.

Overall, loss of habitat from an OSW farm only 
occurs in small areas within the wind farm boundary, 
not throughout the entire area. While cumulative 
impacts may extend throughout and across multiple 
wind farms, the footprint of foundations and scour 
protection typically cause direct habitat loss of less 
than 1% of the wind farm area, but some foundation 
designs, such as gravity foundations, have a larger 
base that may cover more area on the seafloor 
especially after considering the footprint of scour 
protection. 

Mobile organisms can potentially move to new 
locations to avoid effects, but sessile organisms may 
be crushed or smothered directly at the installation 
site depending on activities. Siting OSW farms to 
avoid sensitive or critical habitat (e.g., rocky reefs or 
other hard bottom habitats) and species of interest 
(e.g., endangered, threatened, or species with 
high ecological or economic value) is an important 
consideration during the early phases of the siting 
and permitting process. 

Figure 7.2 Some example types of offshore wind turbine foundations. The image shows three fixed bottom 
foundations and three floating foundations, from right to left: monopile, jacket, twisted jacket, semi-submersible, 
tension leg platform, and single-point anchor reservoir (SPAR). Several more foundation types are not pictured here. 
Illustration from Joshua Bauer, National Renewable Energy Laboratory.
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Figure 7.3 Various organisms can be attracted to new habitat created by offshore wind farm components. 
Illustration from Hutchison et al. (2020).

Conversion of Habitat
Introduction of New Hard Substrate
While OSW components cover portions of the 
seafloor, they also introduce new types of habitat 
that can benefit some benthic organisms that favor 
hard bottom habitats. Wind turbine foundations, 
anchors, and scour protection all create new 
hard substrate and potential habitat. Benthic 
communities have been found to rapidly establish 
on hard substrate, such as turbine foundations 
and rocky scour protection, after installation. The 
new substrate also introduces shelter and nursery 
grounds that increase habitat complexity and 
attract some species that are considered prey for 
some foraging animals. Depending on the location, 

crabs, mussels, barnacles, sea stars, and snails have 
all been found in high abundance on, near, or at the 
base of wind turbine foundations. These organisms 
use the new substrate as either a habitat or feeding 
ground (Figure 7.3).

Wind turbine foundations, anchors, 

and scour protection can create 

new hard substrate habitat that 

is rapidly populated by benthic 

communities after installation.

https://tethys.pnnl.gov/publications/offshore-wind-energy-benthic-habitat-changes-lessons-block-island-wind-farm


Compilation of Educational Research Briefs  //  September 2022

77

The influx of animals around turbine foundations 
can increase the diversity and abundance of benthic 
organisms during the operational life of an OSW 
farm and result in changes to the benthic habitat 
and associated communities. While there are 
benefits, introduction of new hard substrate into 
a predominately soft sediment area also has the 
potential to displace existing species and associated 
prey. These changes can affect the ecosystem 
functions and dynamics of the food web around the 
turbine components.

The effects of introducing new substrate develop 
over the lifetime of the wind farm and become 
more pronounced as the benthic community 
continues to adapt to the altered conditions. The 
conditions change over time as new species interact 
or compete with initial colonizing communities. 
Vertical foundation structures that support colonizing 
communities can impart changes to the surrounding 
seabed and benthic community. For example, blue 
mussels, which attached to the turbine foundations 
at Block Island Wind Farm in Rhode Island, fall off 
as well as disperse their larvae onto the surrounding 
seabed, leaving dense mussel aggregations 
extending beyond the foundation footprint. Further, 
fecal matter from mussels or other epifaunal 
organisms on the vertical structures becomes 
deposited in the surrounding sediment and increases 
the total organic carbon and mineralization rate—or 
the amount of time for organic matter to decompose 
into chemicals that can be used by benthic 
organisms. Following these changes, the sediment 
surrounding one of the foundations at Block Island 

has transitioned into a fine grain, organically enriched 
sediment, which supports a different benthic 
community than before the installation.

Changes to benthic ecology may be linked 
to colonizing organisms on the OSW turbine 
components and organic enrichment of the nearby 
area. Increases in biomass and organic content and 
decreases in sediment grain size have been observed 
within 15 m (49 ft) of OSW turbines in Europe. Similar 
changes occur in benthic communities near oil and 
gas structures. However, these effects are not found 
at all wind farms. For example, monitoring of two 
OSW farms in Belgium found changes in organic 
enrichment and smaller sediment size at only one 
wind farm. Thus, the changes to benthic habitat 
are site specific and depend on the local sediment 
conditions and OSW foundation type. Further, these 
changes develop over time and current knowledge 
is based on monitoring that occurs during the first 
10 years of a wind farm, not the entire lifetime of a 
project (up to 20-30 years). Ongoing observations 
and new studies will help build the understanding 
of the expected long-term changes to benthic 
communities in OSW farms.

Scour Protection
Following installation of fixed-bottom wind turbines 
in soft sediment, scour protection may be installed 
around the turbine base to limit erosion. When 
required, the type of scour protection used varies 
depending on local site conditions but typically 
involves laying rocks or mats. Installation of scour 
protection initially causes localized disturbances to 
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benthic habitats and associated communities by 
crushing or smothering benthic resources. These 
areas undergo habitat conversion, as they will not 
recover back to their natural state (e.g., a bare, 
sandy environment). This transformation could be 
considered ecologically beneficial, detrimental, 
or neutral, depending on the circumstances and 
response of the local organisms.

Introduction of Nonnative Species
Species not native to the OSW farm area can colonize 
artificial structures—in particular, hard substrates 
including foundations or scour protection. OSW 
turbines and their associated components could 
serve as stepping stones for nonnative species 
to expand their range into new areas. Nonnative 
species can be introduced through operations 
and maintenance vessels or when bringing turbine 
components from port facilities to the OSW farm 
location. Nonnative species have been identified 
on OSW turbine foundations in the North Sea 
near the water surface but not on the seafloor. A 
nonnative species, which was already widespread in 
the region, was identified on the turbines at Block 
Island Wind Farm. Studies of subsea cable routes at 
marine renewable energy facilities indicated very low 
occurrence of nonnative species, and these species 
did not provide evidence of out-competing native 
species or using the infrastructure as stepping stones 
to occupy other locations. Nonnative species can 
put additional stress on native species, particularly 
threatened species, but monitoring results have not 
shown evidence of nonnative species colonizing 
OSW structures. 

Seabed Disturbance and Recovery
Disturbances to the benthic community occur 
at various stages during the installation and 
decommissioning of an OSW project. The extent and 
overall impact of these disturbances vary depending 
on activity, local conditions, and overall recovery. 

Disturbance
Unlike the long-term effects resulting from habitat 
changes throughout the operational life of a wind 
farm, seabed disturbance from construction or 
decommissioning activities happens quickly and is 
often followed by a natural recovery of the seabed 

in soft sediment habitats. Construction of an OSW 
project includes activities to install foundations, 
anchors, moorings, and electrical cables, as 
discussed below. 

 • Foundation Installation: Each foundation 
type (Figure 7.2) has its own installation 
process that influences the extent of sediment 
disturbance. Piled foundations that are driven 
directly into the seafloor, such as a monopile, 
tripod, or jacket foundation, require little to no 
preparation of the seabed and the foundation 
can be lowered directly into place. On the 
other hand, gravity foundations rest on top of 
the seafloor and require more site preparation 
to create a level surface for the foundation 
base, which can generate higher levels of local 
disturbance. 

Floating foundations that are stabilized 
with anchors and mooring lines require no 
preparation of the seabed. The extent and 
frequency of disturbances depend on the type 
of anchor and mooring used, but are typically 
limited to the area surrounding the anchor 
throughout the lifetime of the project. Catenary 
moorings can result in periodic disturbances if 
the mooring chain sweeps across the seafloor 
under certain oceanographic conditions. Other 
anchor and mooring systems can temporarily 
disturb benthic habitat upon installation, but 
swift recovery of the habitat is expected under 
most conditions where sediment becomes 
suspended and redistributed through natural 
cycles. 

 • Cable Installation: Electrical export cables that 
connect the OSW farm to the onshore power 
grid are typically buried and protected within 
the seabed. Interarray cables that connect 
individual wind turbines are often buried in 
fixed-bottom OSW installations. Buried cables 
are less susceptible to damage from external 
sources, such as vessel anchors or trawling gear. 
Ecologically, burial reduces the exposure of 
organisms to the electromagnetic field emitted 
by the cables and allows the benthic community 
to recolonize the area above the cable after 
installation. However, during cable laying and 
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Figure 7.4 (Left) Newly installed concrete mattress over partially exposed subsea cable. (Right) Close-up image of 
concrete mattress that has been colonized by organisms after installation. Images from Taormina et al. (2020).

burial, construction equipment is used to create 
a trench (via plowing, jetting, horizontal drilling, 
or other mechanical methods) that directly 
disturbs the seabed along the cable route. This 
activity may cause direct mortality of organisms, 
temporary loss or disruption of habitat, and 
suspension of sediment into the water column. 
When passing through rocky areas or other 
locations where burial is challenging, portions 
of the cable may be left partially exposed and 
may require physical protection instead of 
burial. Exposed cable can be protected through 
the strategic deployment of rocks, concrete 
mattresses, or half-shell pipes. These protection 
methods avoid the physical disturbance 
associated with burial but introduce new hard 
substrate to the seafloor (Figure 7.4).

The actual effects and recovery from the 
installation of undersea cables depends on 
a variety of factors, including the method 
(trenching or physical protection), sediment 
type, and other location-specific details 
like water depth, waves, and currents. The 
footprint of the physical disturbance also varies 
depending on method, length, and number 
of cables required to accommodate the 
power capacity of the wind farm. For instance, 
the tracks used to mobilize a plow for cable 
installation can create a 2- to 8-meter (7- to 26-
ft) wide disturbance on both of the cable. While 
mobile organisms can move and avoid the area 

of disturbance, the impact to sessile organisms 
may result in mortality. Regardless of method, 
the disturbed area from cabling is small relative 
to the total area required for an OSW farm.

Water Quality, Sediment, and Turbidity
Installation of OSW turbine components can suspend 
sediment into the surrounding water column during 
construction. The resulting sediment plume could 
affect marine life by smothering or burying benthic 
sessile organisms, clogging filtration systems for 
filtering animals, and decreasing visibility for animals 
such as flatfish that hunt prey by sight. However, 
several monitoring campaigns during construction 
of OSW farms in Europe and Atlantic waters off the 
United States have found that drilling, piling, jetting, 
and plowing did not create significant sediment 
plumes in the surrounding area, and in 

Several monitoring campaigns 
during construction of offshore 
wind farms in Europe and in 
Atlantic waters off the United 
States have found that drilling, 
piling, jetting, and plowing did 
not create significant sediment 
plumes in the surrounding area.

https://doi.org/10.1093/icesjms/fsaa129
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many cases water turbidity did not increase above 
natural background levels. Increased levels of 
suspended sediment were found to be short-lived 
and intermittent, primarily limited to several meters 
around the construction activity. The effects from 
sediment dispersion and potential smothering 
have rarely been observed during OSW turbine 
construction and are generally considered negligible, 
because the footprint is limited in size and duration.

Seabed Recovery
After physical disturbances during construction or 
decommissioning activities, sediment on the seabed 
becomes redistributed throughout the disturbed 
area and organisms repopulate. Post-construction 
monitoring campaigns of early soft bottom OSW 
farms in Europe found that within a few years of 
disturbance there were no significant differences 
in seabed topography near OSW turbines when 
compared to control sites outside the wind farm. 
After construction of the Block Island Wind Farm, 
bathymetric surveys found that much of the soft 
bottom areas that were disturbed from construction 
and trenching activities had physically recovered 
within 3 years. These observations show that 
physical disturbances during installation are typically 

followed by natural recovery of the benthic habitat as 
sediment moves back into disturbed areas.

Physical and biological recovery rates vary 
depending on sediment type, installation method, 
local oceanographic processes, and types of species 
present. Shallower waters with soft bottoms are 
more dynamic environments (e.g., have greater 
wave energy, current action, and natural variability) 
and tend to have faster recovery rates following 
cable or foundation installation. Seabed recovery in 
soft bottom locations can occur in less than 1 year 
on the inner continental shelf and within 2 years 
on the midshelf. At the Block Island Wind Farm, 
physical recovery of the seabed varied across the 

After the initial recovery of the 

seabed, the conditions may 

continue to change over time as the 

benthic community adapts to the 

offshore wind infrastructure, which 

could result in habitat conversion.



Compilation of Educational Research Briefs  //  September 2022

81

wind turbine array, ranging from a few months to 3 
years. The rate of recovery was primarily attributed 
to hydrodynamic conditions, where the deeper water 
sites with calmer conditions had a longer recovery 
period. In deeper waters where floating turbines 
would be installed, recovery is more complex and 
possibly slower because there is reduced wave 
energy, current action, sediment supply, and slow 
growing organisms such as deep-sea corals.

The initial recovery only reflects sediment 
redistribution and organisms repopulating the 
area. After the initial recovery of the seabed, the 
conditions may continue to change over time as the 
benthic community adapts to the OSW infrastructure, 
which could result in habitat conversion.

Decommissioning
Decommissioning activities may involve either 
full decommissioning (removing the entire OSW 
structure) or partial decommissioning (leaving parts 

of the OSW structure in place). In the United States, 
the government requires all OSW components be 
removed down to 6 m (15 ft) below seabed unless 
authorization is received for partial decommissioning. 
Removal of components can cause similar effects 
to those incurred during the construction phase. 
Namely, sediment disturbance can occur when 
cables, foundations, anchors, or scour protection 
are removed. The effects are expected to follow the 
same recovery pattern as during the postconstruction 
phase. However, the removal of hard substrate during 
decommissioning may create another disruption 
to ecosystem dynamics, because by that time the 
benthic community will have established a new 
steady state during the operational phase of the wind 
farm (Figure 7.5). Post-decommissioning monitoring 
campaigns have been used after the end of life of 
some OSW farms, but long-term changes in benthic 
habitats were not observed, in part because very few 
OSW projects have been decommissioned to date. 

(a)                  (b)      (c)                           (d)

Figure 7.5 Lifecycle of an offshore wind project that shows: (a) surveying, (b) installation, (c) operation, and (d) 
decommissioning. Illustration from Miller et al. (2013).

https://tethys.pnnl.gov/publications/marine-renewable-energy-development-assessing-benthic-footprint-multiple-scales
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However, as more artificial structures that have been 
in the water for decades reach end of life, discussions 
arise about their full or partial decommissioning. 
While regulations often require full decommissioning, 
experts argue that the decision should be based 
on the net benefits that either option provides to 
the environment. With partial decommissioning, 
the benthic and reef communities established on 
and around the artificial structure would continue to 
provide their beneficial services to the ecosystem. 
Any negative effects from the artificial structures 
would also persist. The “rigs-to-reefs” approach 
encourages this option, where only shallower parts 
of an artificial structure (<26 m [<85 ft] deep) that 
would create a threat to navigation are removed, but 
deeper parts are kept as artificial reefs.

Additional Considerations
Noise
The highest levels of noise at an OSW farm occur 
during construction and are associated with pile 
driving for fixed-bottom turbine installation. 
Environmental assessments generally conclude that 
mortality of benthic invertebrates caused by noise or 
vibration during construction occurs in areas that will 
otherwise be impacted with temporary disturbance 
to the seabed. For instance, in areas where benthic 
organisms are vulnerable to noise from foundation 
installation, they are also likely to be impacted by 
the physical installation. Noise produced during 
operation of the wind farm is expected to be lower 
than during construction; however, some benthic 
organisms have shown behavioral response to 
continuous noise emissions that could lead to 

changes in benthic ecological functions.

Emissions From Cable
During the operation of an OSW project, the 
power flowing through interarray and export cables 
generates heat and produces electromagnetic fields. 
(Electromagnetic fields are covered in a separate 
research brief.) When cables are unburied, heat 
dissipates into the flowing water surrounding a cable. 
By contrast, when cables are buried, heat emitted 

from a buried cable can increase the temperature 
of the surrounding seabed (by 0.15–2.5°C) and 
seawater (by a negligible amount). Benthic infauna, 
which typically inhabit the top 10 centimeters of 
the seabed, are outside the volume of sediment 
affected by significant temperature changes from 
cables that are generally buried below 1-3 m (3-10 
ft) of sediment. Temperature changes resulting from 
power cable heat emissions are within the range 
of natural temperature variations and, although 
there are limited studies of local effects of small 
temperature changes on benthic infauna, heat 
emissions are expected to have an insignificant 
effect on benthic organisms because of the low 
temperature change and limited spatial extent 
affected.

Contaminant Release from Sediment and 
Offshore Components
If OSW turbines are not properly sited, resuspending 
contaminated sediment during construction could 
introduce undesired particles (such as toxins or 
metals) into the food chain. Contamination usually 
occurs near current or former industrial sites, sites 
with agricultural runoff, or sites around natural oil 
seeps such as off the coast of Southern California. 
Careful planning and site assessment for both the 
wind farm and cable route(s) should make sure that 
contaminated locations are avoided. 

Additionally, OSW turbines use corrosion protection 
(anodes), often made from aluminum-zinc-indium 
alloys or other metals, that are slowly released into 
the ocean throughout the lifetime of the project. 
Some of the metals (aluminum and indium) can 
accumulate in crustaceans, potentially creating a 
pathway for contamination in the trophic web.
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Measuring changes to the benthic habitat 
and associated community before and after 
construction, throughout operation, and after 
decommissioning of an OSW farm provides 
information for understanding the environmental 
effects throughout the lifecycle of a specific project. 
Monitoring campaigns are typically designed to 
gather physical and biological baseline information 
before construction and monitor changes in the 
years following installation and decommissioning. 
The duration of monitoring campaigns and 
frequency of surveys should depend on the natural 
variability of the benthic community. For example, 
locations with soft sediment and strong current 
may need multiple years of monitoring to develop a 
baseline assessment and provide an understanding 
of natural variations. 

As part of the environmental review process for 
OSW farms in the United States, the Bureau of 
Ocean Energy Management (BOEM) requires the 
developer to complete benthic habitat surveys as 
part of site characterization. This preconstruction 
survey is used to establish baseline conditions, 
characterize the benthic communities, and locate 
different seafloor substrate types. BOEM and 
other agencies review the methods of the survey 
to confirm that the approach collects sufficient 
information about the physical and biological 
components of the seafloor. Based on the survey 
conditions, the developer is required to describe 
all measures that will be taken to minimize or 
eliminate potential effects to benthic resources. 
The site characterization survey results are used 
to support turbine siting decisions that minimize 
impact to benthic habitat and develop a detailed 
plan for benthic monitoring during operation of the 
OSW farm that is proposed during the project’s 
environmental review period.

Benthic monitoring methods at OSW farms include 
collecting samples and remote sensing data to 
document environmental conditions. Data are 
typically gathered at several distances away from 
OSW farm components and often include control 
locations outside of the wind farm for comparison. 
Observations from control sites help determine 
if changes are caused by natural variation or the 
presence of an OSW farm. Some monitoring 
techniques are described below.

 • Seabed disturbance and recovery can be 
monitored using high-resolution acoustic 
sonar surveys (such as multibeam or side-
scan sonar) that identify small changes in 
depth and surface characteristics of the 
seafloor.

 • During construction, water quality samples 
and other techniques such as optical sensors 
are used to identify sediment plumes and 
suspended solids.

 • For soft substrates, biological samples can 
be obtained from bottom grab samples or 
cores to assess benthic infauna community 
structure, including species composition, 
abundance, and diversity. Bottom trawls can 
also be used to obtain epifaunal samples 
from soft sediments.

 • Sediment samples can be obtained from 
grab samples or cores to assess particle 
size distribution, total organic content, and 
contaminant concentrations. 

 • Video and photographic surveys can be 
used to characterize the habitat and identify 
organisms. Imaging surveys can also be 
used to monitor changes over larger spatial 
scales, provide a more holistic view of the 
study area, and verify measurements from 
sonar surveys.

MONITORING & MITIGATION 
METHODOLOGIES
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Reducing environmental impacts to benthic habitats 
and associated communities can be accomplished 
through careful siting and selection of appropriate 
construction methods. Siting wind turbines, anchors, 
and cables to avoid areas with sensitive benthic 
habitats and/or species is an effective approach to 
reducing risk. Construction activities can be timed 
to avoid seasons with sensitive biological processes 
such as spawning or migration. Construction 
methods that limit benthic effects should be chosen 
to the extent possible. For example, a cable route 
can be trenched using jet plowing, which suspends 
less sediment than other methods, and cables can 
be buried at the landfall location to go underneath 
sensitive intertidal habitat. When scour protection is 
needed, nature-inclusive designs can be considered 
to align with suitable habitat for native species.

Reducing environmental 
impacts to benthic habitats and 
associated communities can be 
accomplished through careful 
siting and selection of appropriate 
construction methods.
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As early OSW farm projects age, monitoring 
campaigns should continue to measure the changes 
in benthic habitat and biological community 
characteristics, including diversity, abundance, and 
seasonal uses. OSW farms provide an opportunity 
to learn how benthic ecosystems react to changes 
in their environment while also improving the 
understanding of direct effects between OSW farms 
and benthic communities. Recent workshops and 
synthesis activities have identified research gaps 
about benthic disturbances from OSW farms. Some 
examples of research topics that can further the 
understanding of how OSW farms interact with the 
benthos include:

 • How are population dynamics and 
community structure affected throughout 
the lifecycle of an OSW farm?

 • Are energy pathways and trophic 
interactions altered by the presence of OSW 
farm development?

 • What is the net effect of new hard substrate 
provided by OSW structures for benthic 
communities in both soft and rocky habitats?

 • How is this new habitat used by larval stages 
of local species and potentially invasive, 
nonnative species?

These research questions should be considered in 
the design of future monitoring and assessments. 
Emphasizing hypothesis-driven research can 
improve the understanding of benthic interactions 
with OSW farms.

KNOWLEDGE GAPS & 
RESEARCH NEEDS

For more information on the literature reviewed 
to develop this Research Brief, visit: Tethys

https://tethys.pnnl.gov/summaries/benthic-disturbance-foundations-anchors-cables
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Ampullae of Lorenzini: Specialized sensory organs used by 
electroreceptive species such as sharks, skates, and rays to 
detect electric fields.

Artificial reefs: Human-made structures that are 
submerged under water and that have the ability to mimic 
some characteristics of natural reefs, including the ability to 
accumulate fish and other organisms. 

Auditory masking: The interference of noise with marine 
animals’ ability to detect or recognize other important 
sounds, with implications for communication and hearing.

Avoidance: An action taken by an animal to prevent 
interaction with the infrastructure of a wind farm. 

Barotrauma: Pressure variations generated by spinning 
turbine blades that may result in the injury or mortality of 
bats.

Barrier effect: Occurs where a wind farm alters the 
behavior of an animal and prevents it from accessing an 
area, resulting in the animal taking an alternate route 
around the wind farm and thus expending additional 
energy.

Before-after/control-impact (BACI): An experimental 
design that compares an impact location with an unaffected 
control both before and after the intervention (e.g., 
construction of the OSW farm).

Before-after gradient (BAG): An experimental design that 
samples along a gradient with increasing distance from the 
point of interest both before and after the intervention.

Benthic habitat: The combination of physical, chemical, 
and biological conditions that together create a home for a 
variety of invertebrate organisms that are located on or in 
the seafloor.

Benthic epifauna: Organisms living on top of the seafloor 
such as crabs, mussels, coral, kelp, anemones, sponges, and 
sea stars.

Benthic infauna: Organisms that burrow themselves into 
the seafloor such as clams, worms, and small crustaceans.

Benthopelagic fishes: Fish that live in close association 
with the bottom of the sea but can move to the upper parts 
of the water column (e.g., cod, pouting).

Blunt force trauma: Trauma that results from collisions 
with the surfaces of a vessel or dull components protruding 
from a vessel, such as dull bulbous bows (e.g., abrasions, 
contusions, lacerations, and fractures).

Catenary mooring lines: Curved mooring lines that are 
connected to the floating OSW platform, hang freely in the 
water column, and have one end anchored to the seafloor.

Collision risk models (CRMs): Models that use data on 
turbine characteristics (e.g., blade length and turbine 
height), the physical description of the species (e.g., body 
size and wingspan), and how the animal behaves around 
wind turbines (e.g., avoidance, flight height, flight speed, 
and activity) to predict risk and inform potential exposure.

Compensatory measures: Measures designed to offset 
adverse environmental impacts, typically focused on 
creating or restoring habitat for species affected by wind 
farms, including areas where breeding, nesting, or foraging 
occurs.

Cumulative effects: Effects on the environment resulting 
from the incremental impact of a proposed project or 
action when added to other past, present, and reasonably 
foreseeable future projects or actions.

Curtailment: Feathering wind turbine blades (i.e., adjusting 
the angle of the blades parallel to the wind) and increasing 
the cut-in speed of the turbine (i.e., the wind speed at which 
the turbine blades begin to spin and produce energy) to 
prevent turbine rotors from spinning during periods of 
collision risk.

Demersal fishes: Groundfish (e.g., flounder, haddock) that 
spend most of their time living and feeding on or near the 
seafloor.

Deterrents: Technologies to reduce wildlife interactions 
with wind turbines by generating sound or visual cues to 
disrupt an animal’s normal behavior or flight path near a 
wind turbine.

Displacement: Limiting the normal use of an area within 
or adjacent to a wind farm, such as resting, roosting, or 
foraging.

Electric field (E-field): A type of electromagnetic field 
that is produced when a subsea power cable is electrically 
charged.

Electroreception: The ability of an animal to detect electric 
fields.

Electromagnetic fields (EMFs): A type of low-frequency 
electromagnetic radiation generated from natural and 
anthropogenic sources such as the Earth’s geomagnetic 
field, thunderstorms, power cables, and electronics.

4.0 GLOSSARY
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Epifaunal organisms: Organisms that grow on the surfaces 
of submerged structures, including stationary and mobile 
invertebrates (e.g., mussels, barnacles).

Full decommissioning: Removing the entire offshore 
wind structure from the marine environment after project 
completion.

Induced electric field (iE-field): An electric field produced 
from the changing magnitude of a magnetic field, such as 
the oscillation of an alternating current magnetic field.

Inter-array electric cables: Cables that connect floating 
OSW platforms to one another and collect the power being 
generated.

Macroavoidance: Response to the presence of the wind 
farm, resulting in a redistribution of animals outside the wind 
farm perimeter.

Magnetic field (B-field): A type of electromagnetic field 
produced when an electrical current flows through a cable.

Magnetoreception: The ability of an animal to detect 
magnetic fields.

Marine sound: A vibration that travels as a pressure wave 
through the marine environment, including through water, 
the seafloor, and the air. Ocean soundscapes consist of 
contributions from biological sources (sounds of marine life), 
physical sources (sounds of the Earth), and anthropogenic 
sources (sounds of human activities).

Mesoavoidance: Response to the presence of individual 
turbines or turbine rows, resulting in a redistribution of 
animals within the wind farm. 

Microavoidance: Response to the rotor-swept area or 
blades of a wind turbine, considered to be a last-second 
action to avoid collision. 

Minimization: Implementing measures to reduce the extent 
and magnitude of negative effects resulting from an action 
or project.

Mitigation: Implementing measures to avoid, minimize, 
and/or compensate for the adverse effects of environmental 
impacts resulting from an action or project. Depending 
on the regulatory authority, mitigation may also refer to 
measures that reduce, rectify, rehabilitate, or offset impacts.

Mobile organisms: Organisms that can move throughout 
their habitat.

Monitoring: Implementing strategies to collect observations 
on animals, habitats, and ecosystem processes to assess the 
potential environmental effects resulting from an action or 
project.

Motion-induced electric field: A type of electromagnetic 
field produced when a conductive object or an electric 
charge moves through a magnetic field.

Nature-inclusive designs: Measures that are integrated in 
or added to the design of artificial infrastructure to increase 
suitable habitat for native species (e.g., fish hotels).

Partial decommissioning: Leaving parts of the offshore 
wind structure in place after project completion.

Particle motion: Back-and-forth motion of the medium that 
is a fundamental component of sound. 

Pelagic fishes: Fish that typically occupy midwater and 
upper layers of the ocean with the ability to perform daily 
vertical migrations (e.g., mackerel, sea bass).

Potential biological removal: The maximum number 
of animals, not including natural mortalities, that may be 
removed from a marine mammal stock while allowing that 
stock to reach or maintain its optimal sustainable population 
(definition per the Marine Mammal Protection Act).

Primary entanglement: The occurrence of marine life 
directly becoming entangled with human-made structures or 
debris, including mooring lines or inter-array cables.

Protected species observers: Trained observers who 
monitor for protected species, or animals federally protected 
under the Endangered Species Act and/or Marine Mammal 
Protection Act, to help a wide range of industries meet their 
regulatory compliance needs, including during OSW pile 
driving activities.

Receptor: The animals, habitats, and ecosystem processes 
affected by a stressor.

Scour: Erosion that occurs on the seafloor and creates 
depressions and pits that alter habitat. In addition to effects 
on the habitat, scour can affect the stability of the offshore 
wind turbine foundation structures.

Scour protection: Rocks or mats that are designed to limit 
erosion. Scour protection may be installed following the 
installation of fixed-bottom wind turbines in soft sediment.

Secondary entanglement: The occurrence of marine life 
becoming entangled with marine debris, including derelict 
fishing gear, that is snagged on a mooring line or inter-array 
cable.

Sessile organisms: Organisms that are permanently 
attached to a substrate in their adult life stages.

Sharp force trauma: Trauma that results from collisions with 
sharp vessel components, such as rotating propeller blades 
or certain hull shapes (e.g., lacerations and amputations).
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Stressor: A physical, chemical, or biological factor 
related to OSW development that may affect a receptor.

Strike indicators: Sensors such as microphones and 
accelerometers installed along the length of each turbine 
blade that record collision events.

Telemetry: Technology that provides information on 
movement patterns of tagged animals over time. 

Tensioned mooring lines: Mooring lines that do not 
hang freely in the water column and are instead stretched 
until they are taut.

Underwater noise: Sounds made by human activities 
that can interfere with or obscure the ability of marine 
animals to hear natural sounds in the ocean.






