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Offshore wind energy development (OWED), while a key strategy for reducing

carbon emissions, has potential negative effects to wildlife that should be

examined to inform decision making and adaptive management as the industry

expands. We present a conceptual framework to guide the long-term study of

potential effects to birds and bats from OWED. This framework includes a focus

on exposure and vulnerability as key determinants of risk. For birds and bats that

are exposed to OWED, there are three main effects of interest that may impact

survival and productivity: 1) collision mortality, 2) behavioral responses, including

avoidance, displacement, and attraction, and 3) habitat-mediated effects to prey

populations. If these OWED effects cause changes in survival and/or breeding

success (e.g., fitness), they have the potential for population-level consequences,

including changes in population size and structure. Understanding the influence

of ecological drivers on exposure and effect parameters can help to disentangle

the potential impacts of OWED from other stressors. We use this theoretical

framework to summarize existing relevant knowledge and identify current

priority research questions (n=22) for the eastern United States, where large-

scale development of OWED is primarily in the planning and early construction

phase. We also identify recommendations for study design and further

prioritization of research topics.
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1 Introduction

Reliance on renewable energy, including offshore wind energy,

is an essential strategy to reduce the rate of climate change (IPCC,

2011) and achieve net positive global impacts to wildlife and their

ecosystems (Jedele et al., 2023). However, offshore wind energy

development (OWED) also has the potential to negatively affect

wildlife that use marine habitats, including marine airspace

(Largey et al., 2021). In the offshore environment, many marine

birds have the potential to interact with OWED during all parts of

their life cycle. Terrestrial species, including songbirds, shorebirds,

and bats, may interact with offshore wind infrastructure during

migration (Loring et al., 2020a; Lagerveld et al., 2021; Brust and

Hüppop, 2022). To develop offshore wind energy at the necessary

scale in an environmentally responsible way, further research is

needed to help decision makers understand the industry’s effects

on birds and bats, identify the consequences of those effects, and

inform adaptive management and mitigation for these taxa,

where needed.

The rapidity and scale of planned development of the offshore

wind industry in the United States, which is mirrored in many other

places around the globe, indicates the importance of establishing a

framework to set focal environmental priorities and direct support

towards a cohesive and effective research approach. In the United

States, the Bureau of Ocean Energy Management (BOEM) has

leased over 2.2 million acres of the Atlantic Outer Continental Shelf

(OCS) for OWED to date, with further leases along the Pacific coast

and in the Gulf of Mexico. These leases are all located in federal

waters greater than 5.5 km from shore. The Biden-Harris

administration has set targets of 30 gigawatts (GW) of traditional

offshore wind energy by 2030 and 15 GW of floating offshore wind

by 2035, enough to power up to 15 million homes (Daly and

McDermott, 2022). As of 2024, several commercial-scale offshore

wind projects are in construction along the Atlantic coast of the

United States, with at least 20 more in the planning stages.

The U.S. regulatory environment directs attention towards

threatened and endangered species of birds and bats and is

evolving with the offshore wind industry to further protect other

migratory species. Under the National Environmental Policy Act of

1969 (NEPA; 42 U.S.C. §§4321-4370h), BOEM and other relevant

federal regulatory agencies are required to conduct environmental

impact assessments of construction and operations plans for

proposed offshore developments. The U.S. Fish and Wildlife

Service (FWS) oversees legal protections of bird and bat species

under the Endangered Species Act of 1973 (ESA; 16 U.S.C. §§1531-
1544). On the Atlantic coast of the United States, these protected

species include roseate tern (Sterna dougallii), piping plover

(Charadrius melodus), red knot (Calidris canutus rufa), northern

long-eared bat (Myotis septentrionalis) and Indiana bat (Myotis

sodalis). Anticipated take of endangered species requires an

incidental take statement prepared in consultation with the FWS,

and any requirements to minimize impacts are incorporated into

OWED permits. Most other bird species in the United States are

protected under the Migratory Bird Treaty Act (MBTA; 16 U.S.C.

§§703–712). In summary, effects on birds and bats must be

considered under the ESA and MBTA as part of the NEPA
Frontiers in Marine Science 02
process. However, limited information is currently available to

inform these assessments.

Given these regulatory requirements and the nascent state of

offshore wind energy development in the eastern United States,

stakeholders have identified the need for guidance to inform

research efforts to better understand the potential influence of

OWED on birds and bats. Recent research frameworks have

identified priorities for the study of other wildlife taxa in relation

to OWED (e.g., Kraus et al., 2019; Williams et al., 2023). This

framework draws from these efforts, and the general exposure-

conditions and stimuli-vulnerability framework outlined here is

broadly applicable to both aquatic and above-water taxa.

However, while some hypothesized changes to bird/bat behaviors,

distributions, and prey populations in response to OWED are also

applicable to other taxa (Kraus et al., 2019; Williams et al., 2023) the

potential stimuli, or hazards, posed to birds and bats by OWED

vary substantially from those posed to aquatic taxa. Primary risks to

marine mammals, for example, are thought to relate to underwater

sound during the pre-construction and construction phases of

development, as well as vessel activity (and associated collision

risk) associated with all phases of development (Bailey et al., 2014).

Nevertheless, frameworks such as the Population Consequences of

Disturbance (PCoD; Pirotta et al., 2018) and related models, which

were developed for marine mammals, have partially informed the

framework presented in this paper. Further work is needed to

develop so-called consequence models for other taxa such as

fishes (Williams et al., 2023).

By identifying a conceptual framework for effect pathways that

in turn informs key questions and potential study methods, we aim

to improve understanding of the effects of OWED construction and

operations on birds and bats. This includes consideration of

potential short-term, long-term, and population-level effects for

all species of birds and bats that use the offshore environment and,

therefore, have the potential to interact with OWED in U.S. Atlantic

federal waters. The taxonomic focus includes marine birds that

breed, migrate, or overwinter in the U.S. Atlantic (focusing on

federal waters of the Mid-Atlantic Bight from Massachusetts to

North Carolina), as well as terrestrial species of both birds and bats

that pass through this area during spring or fall migration.

Although OWED pre-construction or construction activities may

affect bird and bat species, the primary focus of this framework is on

the decades-long post-construction period of offshore wind energy

development, with the intent of generating research that may

inform the siting and adaptive management of future offshore

wind projects. Although this particular effort builds on the

regulatory process emerging in the U.S. Atlantic, the offshore

wind industry is rapidly expanding in other regions of the globe

where OWED stakeholders and regulators will encounter similar

challenges. Thus, the goal of this framework is to inform future

research efforts and funding needs in the U.S. Atlantic and

elsewhere facing similar proposed developments.

This broad framework draws from existing frameworks for

other wildlife taxa, where applicable (e.g., Kraus et al., 2019;

Williams et al., 2023), and identifies key questions and study

goals to inform the development of future detailed study plans for

OWED, both in the U.S. Atlantic and globally. The end goal of the
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research framework is to understand cumulative and population-

level effects to birds and bats, thereby informing our understanding

of what mitigation measures may be needed to allow OWED to

create net positive global impacts for bird and bat populations

and ecosystems.
2 Methods

In early 2020, the New York State Environmental Technical

Working Group (E-TWG) convened a facilitated stakeholder

workshop that included scientists and representatives of

environmental non-governmental organizations, regulators, and

offshore wind developers. Based in part on similar previous efforts

for marine mammals and sea turtles in southern New England

(Kraus et al., 2019), this workshop focused on: 1) reviewing the

existing knowledge on the influence of OWED on birds and bats

(drawn primarily from studies of the European offshore wind

industry, as well as other industries where appropriate), 2)

generating priority questions and hypotheses for the U.S. Atlantic

(focused on the Mid-Atlantic Bight from Massachusetts to North

Carolina), and 3) identifying potential study methods. The scientific

research framework (hereafter ‘framework’) presented here builds

on outputs from this workshop (NYSERDA New York State Energy

Research and Development Authority, 2020) as well as efforts by

related workgroups to prioritize research topics specific to

understanding the cumulative effects of OWED on birds (Cook

et al., 2021) and bats (Hein et al., 2021), with additional input from

a small group of subject matter experts with taxonomic,

methodological, and statistical expertise. For purposes of

discussion, “offshore” areas are beyond 5.5 km from shore (e.g.,

waters in which offshore wind leasing is typically controlled by the

federal government), while “nearshore” or “coastal” areas are within

5.5 km of shore (and are under state jurisdiction). While the focus of

workshop discussions was the offshore context, discussions also

included consideration of primarily coastal species and locations,

including potential wildlife interactions with aspects of offshore

wind facility infrastructure located in state waters, such as

transmission cables.

Research priorities were identified via an iterative discussion of

research needs and data gaps during both breakout groups and full

group discussions, beginning with the larger workshop group.

Following these initial discussions, workshop participants were

divided into groups structured first around study methods, then

by different taxa and types of impacts (e.g., avian displacement,

avian collisions, avian attraction, avian habitat effects, and effects to

bats), to begin refining the list of research questions. This list was

refined further by the smaller expert group by (1) combining similar

questions (i.e. questions posed about different specific taxa that were

focused on the same underlying exposure or effect), (2) considering

the availability of existing data to fill gaps, and (3) identifying where

existing evidence suggests that specific questions might be lower

priority than other topics on the list, due to expected low incidence

of effects, low levels of impacts, or other factors. These judgements

relied in large part on the existing scientific literature for offshore

wind energy, as well as studies of related anthropogenic activities,
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energy development.

The bird and bat workgroups from the 2020 State of the Science

Workshop on Wildlife and Offshore Wind Energy (Cook et al.,

2021; Hein et al., 2021), which overlapped substantially in

membership with that of the 2020 stakeholder workshop, met

virtually several times in 2020–2021 to prioritize research topics

specific to understanding the cumulative effects of OWED for birds

and bats. These discussions were also influential in the refinement

of this research framework and research questions.
3 Framework for understanding
offshore wind energy effects

Potential impacts to birds and bats from OWED are determined

by a combination of exposure, hazard, and vulnerability (Crichton,

1999; Goodale and Milman, 2014). In this risk framework, exposure

describes how the spatiotemporal patterns of space use by animals

overlap with that of wind energy development (Figure 1). This may

include overlap in the distribution, abundance, and/or flight

altitudes of a species with OWED rotor-swept zones. Animals

that are exposed to OWED may be affected by specific conditions

and stimuli in the wind facility and its surroundings (Southall et al.,

2021; conditions and stimuli are also commonly called “hazards” or

“stressors”). These are attributes of the OWED such as the physical

presence of structures, associated lighting and vessel traffic, and

changes in habitat, resources, or foraging conditions of benthic and

pelagic ecosystems. These conditions and stimuli may have either

positive or negative effects on animals, and may change over the

construction and operational period of an offshore wind farm. The

third aspect determining OWED effects is the vulnerability of

exposed animals to specific stimuli. Vulnerability encompasses 1)

individual sensitivity to effects, which is driven by factors such as

behavior (e.g., flight height, time budgets), morphology (size,

maneuverability), response to disturbance, and habitat flexibility,

among other factors, and 2) population sensitivity, defined by the

population characteristics, such as conservation status and

demographic parameters, that determine how OWED effects on

individual animals may translate into population-level impacts

(Figure 1). The vulnerability of animals to OWED stimuli is

partially dictated by site-level characteristics that may influence

responses (Fox and Petersen, 2019).

For birds and bats, there are three main effects of interest from

OWED: (1) collision mortality, (2) behavioral responses, and (3)

habitat-mediated effects (Figure 2). For collision mortality,

vulnerability is partially driven by avoidance behaviors (i.e. any

action taken by an individual when in proximity to an operational

wind farm to prevent collision). Avoidance may occur at multiple

spatial scales, including macro-avoidance, whereby individuals

avoid the entire wind farm; meso-avoidance, where individuals

maneuver within a wind farm to avoid turbine vicinities; and micro-

avoidance, where individuals make last-minute maneuvers (<10 m

distant) to avoid the turbine blades (Cook et al., 2018). Avoidance,

as well as displacement and attraction, is also a potential behavioral

effect of OWED. Displacement is a subset of avoidance behaviors
frontiersin.org

https://doi.org/10.3389/fmars.2024.1274052
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Williams et al. 10.3389/fmars.2024.1274052
that occurs when individuals adjust their habitat use (e.g., foraging,

roosting, or breeding habitat) due to a new anthropogenic feature or

disturbance, causing effective habitat loss. In contrast, some bird

and bat species may be attracted to wind farms due to increased

roosting or foraging opportunities on and around foundations of

structures, or due to lighting on structures (Croll et al., 2022; Guest

et al., 2022). Attraction may be beneficial, or it may be maladaptive

such that it increases collision risk.Habitat-mediated effects relate to

changes in habitat and prey resources through the introduction of

new hard substrates (i.e. reef effects; Methratta and Dardick, 2019),

modification of human pressures (i.e. changes in fishing activities;

Hammar et al., 2016), disturbance and change to substrates from

the installation of turbines and cables, and changes in

oceanographic dynamics (Gill et al., 2020; van Berkel et al., 2020).

Behavioral effects are direct responses to OWED structures or

activities; habitat-mediated effects may also indirectly lead to

behavioral responses, for example as seabirds respond to changes

in the distributions of their prey.

Each of the three effects (collision, behavioral, habitat-

mediated) and the physical responses by animals can lead,

individually or collectively, to a range of ecological effects,

energetic and physiological costs, and fitness consequences

(Figure 2). While collisions can lead to direct mortality of

individuals, most other effects are indirect, with potential

energetic costs or changes in prey availability or foraging success
Frontiers in Marine Science 04
that may have downstream impacts on fitness. By understanding

energetic and physiological costs and fitness effects to individuals

and groups, we can begin to understand potential population-level

consequences, including changes in population size and structure.

There are also environmental drivers, including oceanography,

meteorology, and climatology, as well as baseline distributions of

prey and other resources, which can influence aspects of this

framework in diverse and complex ways. Understanding the

influence of these drivers can help to disentangle potential

impacts of OWED from other stressors, such as the effects of

climate change. While not explicitly included in this framework,

interactive changes among individuals or populations, such as

changes in competition, may also be important considerations to

fully understand how OWED might affect populations

and ecosystems.

The following summary of existing knowledge and key research

questions is structured to follow the two-part conceptual effects

framework outlined above, focusing on the areas with the greatest

and/or most urgent gaps in knowledge (see Methods). We begin

with the importance of understanding exposure, since animals that

are not exposed logically cannot be affected by OWED conditions

and stimuli. The three main types of effects (collisions, behavioral

change, and habitat change) are then discussed with regard to

existing knowledge about vulnerability of taxa to these effects. And

finally, we examine how the scope and degree of effects, coupled
FIGURE 1

Main factors that determine the impacts to birds and bats from offshore wind energy development. Impacts are determined based on a combination
of exposure, conditions and stimuli, and vulnerability (modified from Crichton, 1999; Goodale and Milman, 2014), where exposure primarily relates to
spatiotemporal patterns of species distributions and abundance, conditions and stimuli are the attributes of offshore wind farms that drive wildlife
responses, and vulnerability is dictated by the sensitivity of exposed animals to these stimuli, which is determined by a combination of individual and
population factors.
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with population sensitivity, determines population-level response

and cumulative effects.
4 Exposure

4.1 Current knowledge

4.1.1 Marine birds
Marine birds use the offshore environment of the eastern

United States to forage, rest, and travel. The spatial scale of this

habitat use varies substantially by species, life history stage, and

other factors. Marine birds that breed in the region include terns,

gulls, and cormorants (Brinker et al., 2007; Nisbet et al., 2013);

however, migrant and wintering marine birds are more numerous

than breeders in U.S. Atlantic waters (Nisbet et al., 2013), and thus

may be more exposed to OWED in many locations. Many species

that breed in the Arctic and sub-Arctic use the coastal and offshore

environments of the eastern United States as wintering grounds,

including auks, sea ducks, gannets, storm-petrels, and loons

(Winship et al., 2018). In addition, some species, such as great

shearwaters (Ardenna gravis), sooty shearwaters (A. grisea), and

Wilson’s storm-petrels (Oceanites oceanicus), breed in the Southern

Hemisphere and frequent the region during their non-breeding
Frontiers in Marine Science 05
season in the austral winter/boreal summer (Nisbet et al., 2013;

Powers et al., 2020).

Some of the best available information about the at-sea

distribution of marine birds in the U.S. Atlantic comes from

visual sightings and digital (photography/video) surveys

conducted aboard boats and aircraft (Winship et al., 2018).

Recent Marine-life Data and Analysis Team (MDAT) spatial

modeling efforts used these data to estimate seasonal patterns of

relative densities from 49 marine bird species across the Atlantic

OCS (Winship et al., 2023). Other baseline studies have examined

marine bird distribution and abundance in various subregions

offshore of the eastern United States (Williams et al., 2015; Veit

et al., 2016; Palka et al., 2017; Normandeau Associates and APEM,

2019; Robinson Willmott et al., 2021), and recent tracking efforts

also contribute to our understanding of habitat use and movement

patterns throughout the Atlantic OCS (Williams et al., 2015; Loring

et al., 2018, 2019; Loring et al., 2020a; Loring et al., 2020b; Stenhouse

et al., 2020).

Oceanographic processes regulate prey availability and

predictability, which in turn drive patterns of habitat use for

marine predators (Scales et al., 2014). Prey populations are often

difficult to measure directly, so marine bird distribution patterns are

more often studied in relation to environmental proxies (e.g., sea

surface temperature, chlorophyll a; Belkin, 2021). Water depth and
FIGURE 2

Conceptual framework for understanding potential effects of offshore wind energy development on birds and bats (modified from (Fox et al., 2006).
Symbols in the “Effect Type” section of the diagram indicate applicability to marine birds, diurnal and nocturnal avian migrants, and bats. Effects
include collisions, behavioral change, and habitat-mediated change, each of which may cause one or more physical responses by birds or bats that
in turn result in ecological, energetic/physiological, and fitness effects on individuals. These individual-level effects can then be scaled up to
understand the potential for population-level or cumulative response. Ecological drivers (e.g., environmental variability, resource distributions) and
anthropogenic drivers (e.g., OWED turbine size and spacing) can influence and introduce variability into physical response, as well as effects.
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distance to shore are important explanatory and predictive variables

for many species in the region (Winiarski et al., 2014; Williams

et al., 2015; Goyert et al., 2016; Winship et al., 2018). Dynamic

variables, like chlorophyll a concentrations, also influence patterns

for some species, such as red-throated loons (Gavia stellata),

common loons (G. immer), northern gannets (Morus bassanus),

and long-tailed ducks (Clangula hyemalis). While existing survey

and tracking data are informative of species distributions,

abundance, and movements, substantial gaps remain in these

datasets. Moreover, we often lack the spatial and temporal

resolution to determine environmental drivers of distributions

and movements, and little is known about how these

spatiotemporal patterns are changing over time, particularly in

relation to climate change.

4.1.2 Diurnal and nocturnal avian migrants
In addition to marine birds, other diurnal and nocturnal avian

migrants use the airspace above the marine environment during

migration, including terrestrial songbirds and near-passerines,

shorebirds, raptors, and wading birds. Radar can be used to

detect such movements (Hüppop et al., 2019). For example,

Dokter et al. (2018) estimated migration traffic over the water in

the western Atlantic Ocean at 219 ± 63 million birds during

autumn. BirdCast (birdcast.info), a project employing methods to

extract bird migration signals from weather surveillance radar to

observe, characterize, and predict bird migration intensity aloft

(Dokter et al., 2018; Van Doren and Horton, 2018; Lin et al., 2019),

offers nearshore rather than offshore spatial coverage but can

provide information on potential coastal departure and arrival

points for migrants, broad-scale information on fluctuations in

migration activity, and flight heights in relation to weather

conditions. However, such data tend to be reliable at larger spatial

scales than that of individual wind farms, and thus may not be ideal

for assessing exposure on an individual OWED project basis.

Some land birds appear to be obligate offshore migrants

(DeLuca et al., 2019), while others use offshore habitats more

facultatively (Shamoun-Baranes and van Gasteren, 2011). Much

of our understanding of the offshore occurrence of individual

species is derived anecdotally from sightings from boats and

offshore platforms, though the advent of smaller tracking

technologies has provided new opportunities to improve our

understanding of offshore movements. For example, recent

geolocator tracking studies show that semipalmated sandpipers

(Calidris pusilla), blackpoll warblers (Setophaga striata), bobolinks

(Dolichonyx oryzivorus), and Connecticut warblers (Oporornis

agilis) depart the U.S. Atlantic coast and engage in multi-day

nonstop flights over the ocean during fall migration (Deluca

et al., 2015; Brown et al., 2017; McKinnon et al., 2017; Perlut,

2018). Tracking studies of piping plovers and red knots (Loring

et al., 2020a), and whimbrel (Numenius phaeopus; (Watts et al.,

2022), as well as peregrine falcons (Falco peregrinus) and merlins (F.

columbarius; DeSorbo et al., 2019), have also revealed migratory use

of the Atlantic OCS. Additional data comes from primarily

terrestrial sources, such as eBird, which relies on community

science observations (Sullivan et al., 2009).
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Given the diversity of this species assemblage, a variety of

factors drive the migratory patterns and offshore occurrence of

diurnal and nocturnal avian migrants. Flights over water, though

not fully characterized, occur with uneven spatial and temporal

distributions (Farnsworth et al., 2016). Season, location, migration

strategy, local weather, and regional climate indices influence the

timing of migration, among other factors (Van Buskirk et al., 2009;

Deppe et al., 2015; La Sorte et al., 2015; Horton et al., 2016; Van

Doren and Horton, 2018; Brust et al., 2019; Loring et al., 2020a;

Cohen et al., 2021). Offshore migratory activity tends to occur

episodically in relation to conditions conducive to offshore

movements and is especially prevalent in fall, when many bird

species move from breeding grounds in Greenland, Canada, and the

northern United States, to wintering grounds in the southern

United States, Caribbean, Central America, and South America.

Given limitations in tracking technology for small-bodied species,

we often lack the spatial resolution and sample sizes needed to

understand spatiotemporal patterns of fine-scale offshore

movements on a species level, hindering our understanding of

population-level exposure.

4.1.3 Bats
In addition to birds, nine species of insectivorous bats occur in

the U.S. mid-Atlantic region. Migratory tree-roosting bats, including

the eastern red bat (Lasiurus borealis), hoary bat (L. cinereus), and

silver-haired bat (Lasionycteris noctivagans), tend to be solitary and

can migrate long distances. Cave-roosting species migrate short

distances between summer roosts and winter hibernacula. These

species include the northern long-eared bat, Indiana bat, little brown

bat (M. lucifugus), eastern small-footed bat (M. leibii), big brown bat

(Eptesicus fuscus), and tri-colored bat (Perimyotis subflavus).

Much of what we know of potential bat exposure to wind energy

impacts comes from the terrestrial wind industry. Substantial

numbers of bats collide with terrestrial turbines, with nearly 80%

of reported fatalities belonging to the migratory tree-roosting

species (Arnett and Baerwald, 2013; Allison and Butryn, 2020).

This disparity may be related to how different species respond to, or

interact with, wind turbines. Several attraction hypotheses have

been suggested, mostly related to bats perceiving wind turbines as a

resource for roosting, foraging, or mating (Guest et al., 2022). Bat

activity and mortality at terrestrial wind farms tend to be highest

during fall migration under low wind speed conditions (Rydell et al.,

2010; Arnett et al., 2013). Similar temporal patterns in activity have

been observed along the Atlantic coast (Stantec, 2016) and at

offshore sites in Europe (Lagerveld et al., 2021).

Eastern red bats represent a majority of coastal and offshore bat

detections in the northwest Atlantic (Hatch et al., 2013), and bats

have been detected in all offshore areas that have been surveyed in

the Gulf of Maine and mid-Atlantic United States (Peterson et al.,

2014; Solick and Newman, 2021). However, the overall activity

levels of bats offshore are lower relative to terrestrial settings.

Moreover, it is unclear whether bats will interact with offshore

wind turbines in the same manner as with terrestrial wind turbines.

Therefore, the level of exposure and potential collision risk of bats

from OWED remains uncertain (Hein et al., 2021).
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4.2 Research gaps

Several research questions were identified as priorities to

address current gaps in knowledge about the potential exposure

of marine birds, avian migrants, and bats, to OWED in the mid-

Atlantic OCS (Table 1). Several of these questions focus specifically

on marine birds, and one on bats; the first question is relevant to all

three groups. All four questions require data to be collected at

regional scales to inform our understanding of distribution and

abundance patterns and inform estimates of exposure (including

changes in exposure over time and three-dimensional space).
5 Collision-related effects from
offshore wind development

5.1 Current knowledge

Collisions of birds and bats with wind turbine structures are

high-profile effects due to the potential to cause direct mortality and

the frequency of collisions reported at some terrestrial wind farms.

It is thought that collisions offshore are less common than at wind

farms in terrestrial systems (Cook et al., 2018; Skov et al., 2018), and

there are few records to date of confirmed collisions with offshore

turbines (Pettersson, 2005; Desholm, 2006; Newton and Little, 2009;
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Skov et al., 2018; Tjørnløv et al., 2023). However, collisions are also

much more difficult to detect offshore, as it requires technology that

can measure levels of avoidance, detect collisions, identify species,

and monitor a large enough area of turbines over time to obtain

adequate sample sizes to inform an understanding of effects. While

birds are also known to collide with a range of other anthropogenic

structures, including marine oil and gas platforms (Ellis et al., 2013),

these data are of little utility for predicting risk from OWED, given

the limited nature of these data (Ellis et al., 2013) and the substantial

differences in the collision-related stressors posed by offshore wind

energy vs. offshore oil and gas extraction.

Information on collisions and avoidance at offshore wind

turbines comes primarily from several recent large-scale studies in

Europe (Skov et al., 2018; Tjørnløv et al., 2023), which used different

combinations of methods, including observers with range finders,

radar systems, and visual/thermal detection tracking systems. Skov

et al. (2018) detected 6 collisions in 20 months of monitoring an

offshore turbine, and concluded that marine birds, including

northern gannets, black-legged kittiwakes, and large gulls,

exhibited high levels of macro-, meso- and micro-avoidance.

More recently, Tjørnløv et al. (2023) detected no collisions in 14

months of diurnal monitoring at an offshore wind farm in Scottish

waters, despite tracking >3,000 marine birds (including gannets,

gulls, procellarids, skuas, and others) through the wind farm via a

combined marine radar and visual camera system.

There are a variety of other collision detection technologies in

development that detect collision events and classify the animals

involved to some level of taxonomic specificity (Dirksen, 2017;

Courbis et al. 2024). Several such technologies have been deployed

on turbines at offshore wind farms around the world (Carbon Trust,

2022), though third-party validation of system capabilities remains

rare (Courbis et al. 2024).

Given the lack of validated technologies to directly measure

collisions until recently, and given the high cost of such studies,

collision risk models (CRMs) have been developed. Most CRMs use

a variation on the Band model (Band, 2012), which was first

developed for use onshore and has since been expanded for

offshore use (Masden and Cook, 2016), and focuses primarily on

marine birds. CRMs allow for a standardized and transparent

estimation of collision risk by incorporating information about

the bird species of interest and wind farm specifications. The

primary model output is an estimate of annual numbers of

collisions by species for an offshore wind farm.

There is substantial uncertainty around the accuracy of the

structure of CRMs for describing the factors influencing collision

rates, as well as uncertainty around individual values of CRM

parameters. There has been very limited empirical validation of

CRMs, and terrestrial studies of raptors in Spain found low

correlation between actual collisions and predicted collision risk

from CRMs (De Lucas et al., 2008). The models are particularly

sensitive to avoidance rates; avoidance can occur at multiple spatial

and temporal scales and is difficult to measure quantitatively,

though advances in technology, such as GPS and the above-

mentioned combined radar/camera systems, are providing new

insights (Johnston et al., 2022; Tjørnløv et al., 2023). Recognizing

the potential variation in many CRM input parameters, there have
TABLE 1 Research questions/goals to improve understanding of
potential exposure of birds and bats to offshore wind energy
development in the U.S. Atlantic.

Research
Question

Goals Scale

What are spatiotemporal
patterns and contributing
factors of exposure for
different species?

1) Identify degree and spatiotemporal
(including altitudinal) patterns of
exposure for key species of interest;
2) Identify factors that predict
exposure including environmental,
atmospheric, taxonomic, population,
and individual factors.

R

How do pelagic and
benthic prey distributions
influence distributions of
marine birds?

Assess pre-construction distribution
and abundance of pelagic and benthic
prey species and communities and
examine links with the distribution,
abundance, and foraging behavior of
marine birds.

R

How useful are large-scale
distribution models for
predicting exposure?

Validate Marine-life Data and
Analysis Team (MDAT) models
(Winship et al., 2023) to assess
accuracy of predicted exposure/risk at
the wind farm scale.

M

How do bat exposure
levels compare between
offshore and onshore wind
energy projects and what
factors contribute to
these differences?

1) Compare bat exposure levels by
species at offshore vs. onshore wind
farms located in coastal states and
similar latitudes;
2) Identify environmental factors
correlated with differences in bat
activity levels.

R

The table is divided by category to indicate the type of question (as identified in the research
framework). “Scale” indicates the geographic scale at which the research should be conducted
[individual wind farm site (S), multiple wind farms (M), and broader region (R)]. For
additional information on methods for examining research questions, see Appendix 1.
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been efforts to develop stochastic models to better reflect

uncertainty and incorporate spatiotemporal variation (McGregor

et al., 2018). However, there are factors, such as time of day and

weather conditions, that still are not incorporated into CRMs

despite their capacity to influence behavior.
5.2 Research gaps

Five collision-related questions were identified to improve our

understanding of the relationship between exposure and

vulnerability, determine the influence of environmental

conditions on collision risk, parameterize collision risk models,

and assess the accuracy of collision risk models (Table 2). Studies

could be designed to help answer these questions at individual wind

farms, but multiple studies from different locations will be needed to

fully address these questions.
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6 Behavioral effects from offshore
wind development

6.1 Current knowledge

In addition to mortality, offshore wind construction and

operational activities may directly affect bird and bat behavior in

a variety of ways. (Indirect effects on behavior are discussed in

Section 7, below). Not all effects are necessarily negative for all

species (Dierschke et al., 2016), but behavioral changes may lead to

modifications in energy expenditures and/or energy intake, as well

as physiological changes, such as stress responses, that in turn are

hypothesized to have the potential for population-level

consequences in some species (e.g., Dierschke et al., 2017).

6.1.1 Displacement
Displacement has been widely studied at European offshore

wind projects, though the scale, degree, and duration of response

can vary greatly (Dierschke et al., 2016). Red-throated loons have

consistently exhibited displacement up to 15 km from offshore wind

farms in Germany (Dorsch et al., 2019; Mendel et al., 2019;

Heinänen et al., 2020) and Denmark (Petersen et al., 2006, 2014).

Other marine bird species displaced from offshore wind farms

include common scoters (Melanitta nigra), long-tailed ducks,

northern fulmars (Fulmaris glacialis), northern gannets, common

murres (Uria aalge), and razorbills (Alca torda; (Petersen et al.,

2006; Leopold et al., 2011; Petersen et al., 2014; Welcker and Nehls,

2016). There are many factors that may be influencing

spatiotemporal patterns of displacement, including the presence

and spacing of structures, increases in boat traffic, and changes in

habitat characteristics. Little is known about habituation over time;

a degree of habituation has been observed in some sea duck species

after 2–5 years in Denmark, thought to be related to food resource

availability, but no habituation has been observed in other species

(Drewitt and Langston, 2006; Petersen et al., 2006; Leonhard

et al., 2013).
6.1.2 Avoidance
Macro-scale avoidance behavior may lead to changes in

movement patterns (e.g., flying around rather than through a

wind farm). Wind farms may act as barriers for migratory or

feeding movements (e.g., the movements of central place

foragers). There have been studies demonstrating macro-scale

avoidance in pink-footed geese (Anser brachyrhychus; (Plonczkier

and Simms, 2012), common eiders (Somateria mollissima;

(Masden et al., 2009), northern gannets, common murres and

razorbills (Vanermen et al., 2015), and scoters (Dierschke and

Garthe, 2006), among other taxa. These changes to movement

patterns can increase energy expenditures; efforts to model this

additional cost suggest that the energetic effects to long-distance

migrants, such as common eiders, are generally minor, though the

highest energetic costs likely occur in species with high wing-

loading, such as cormorants and auks, and those conducting

frequent foraging flights, such as breeding terns (Masden

et al., 2010b).
TABLE 2 Research questions/goals to improve understanding of
collisions of birds and bats with offshore wind energy development in
the U.S. Atlantic.

Research Question Goals Scale

How often do avian collisions
occur relative to exposure,
and what factors
influence vulnerability?

1) Assess species-level frequency of
collisions relative to exposure for
avian nocturnal migrants and
marine birds;
2) Assess environmental and
individual-level covariates
influencing probability of collisions
(e.g., wind farm characteristics,
distance from shore, weather, life
history stage).

M

What are the rates of meso-
and micro-avoidance at
operational offshore wind
projects for focal taxa under
different behavioral and
operating conditions?

1) Validate key assumptions in
collision risk models (CRMs) by
examining avoidance rates at the
meso-scale and micro-scale;
2) Assess environmental and
individual-level covariates
influencing these avoidance
behaviors (e.g., wind farm
characteristics, weather, life
history stage).

M

How does OWED affect the
presence, species composition,
and activity of bats?

Compare pre- and post-
construction presence, species
composition, and activity levels of
bats at offshore wind farms.

M

What is the relationship
between pre-construction
exposure and collision risk?

Assess whether exposure is a useful
metric for predicting collision risk
by comparing pre-construction risk
assessments and post-construction
field studies by species/site.

M

How accurate are collision
risk model predictions
for birds?

Validate CRMs via field studies of
collisions and identify the relative
importance of species-specific
factors used in models (e.g., flight
height, avoidance rate) for
understanding risk.

M

The table is divided by category to indicate the type of question (as identified in the research
framework). “Scale” indicates the geographic scale at which the research should be conducted
[individual wind farm site (S), multiple wind farms (M), and broader region (R)]. For
additional information on methods for examining research questions, see Appendix 1.
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6.1.3 Attraction
Some marine bird species, such as gulls and cormorants, may

increase their use of operational OWED areas to use turbine

structures as perching sites (Leopold et al., 2011; Welcker and

Nehls, 2016). In Europe, bats have also been found to roost on

offshore wind turbines (Ahlén et al., 2009; Lagerveld et al., 2014).

Lighted offshore oil and gas platforms are known to attract

nocturnally migrating birds, which can increase energy

expenditures and potentially lead to starvation or collision-related

mortality (Hope Jones, 1980; Russell, 2005; Hüppop et al., 2006).

While lighting regimes on operational turbines in the United States

are designed to minimize attraction risk for birds and other animals

(BOEM, 2021), flood lighting during construction (especially

lighting at night during migration seasons) has been identified as

a concern (Bird and Bat Specialist Committee, 2020).

Species that may be particularly vulnerable to lighting-related

effects include nocturnally active seabirds (Montevecchi, 2006) and

nocturnal avian migrants (Hüppop et al., 2006; Van Doren et al.,

2017). Other factors, including weather conditions, cloud cover, and

moon phase (Montevecchi, 2006; Kerlinger et al., 2010; Ronconi

et al., 2015), as well as characteristics of the light (e.g., color,

intensity, duration; Evans, 2007; Poot et al., 2008; Gehring et al.,

2009; Cook et al., 2011), influence vulnerability to lighting-

related effects.
6.2 Research gaps

Seven key research questions were identified around the topic of

behavioral change, with a primary focus on developing an improved

understanding of displacement and its fitness consequences in

marine birds (Table 3). Two attraction-related questions were also

identified, including one for bats and one in relation to maladaptive

attraction of nocturnally active birds to artificial lighting.

Quantifying the fitness consequences of avoidance and attraction

to OWED will inform mitigation measures that may be needed to

achieve net positive global impacts to wildlife and ecosystems.
7 Habitat-mediated effects from
offshore wind development

7.1 Current knowledge

Reef effects from offshore wind farms have been found to

increase localized primary productivity, as well as the local

density, biodiversity, and biomass of benthic organisms and fishes

(Methratta and Dardick, 2019; Slavik et al., 2019; Dannheim et al.,

2020; Zupan et al., 2023). The reduction of trawling activity in a

wind farm footprint has also been found to result in changes in the

macrobenthic community (Coates et al., 2016). While offshore wind

energy areas change the structure of local food webs and the

function of benthic ecosystems (Zupan et al., 2023), and increase

food provisions for at least some species (Mavraki et al., 2020), it

remains unclear the degree to which these changes may result in an
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TABLE 3 Research questions/goals to improve understanding of
behavioral changes (e.g., displacement, attraction, avoidance) of birds
and bats in relation to offshore wind energy development in the
U.S. Atlantic.

Research Question Goals Scale

Are marine birds displaced
from wind farms? If so,
what is the magnitude and
spatiotemporal scale of
the effect?

1) Examine changes in distribution
patterns of marine birds pre- and
post-construction to determine if
changes occur, the magnitude of
change, and whether those changes
can be attributed to the wind farm;
2) Determine whether observed
levels of displacement change (e.g.,
attenuate or intensify) over longer
periods of time (multiple years).

S

How does the degree of
marine bird displacement
vary geographically across
wind energy areas off the
U.S. Atlantic coast, and
what factors are correlated
with these variations?

1) Determine whether changes in
distribution patterns of focal species
related to wind farms are
geographically consistent by season
across multiple wind farms off the
U.S. Atlantic coast;
2) Examine the influence of
environmental factors and site
characteristics on the degree of
observed displacement.

M

Are foraging and local
behaviors of marine birds
affected by wind farms and
to what degree?

Examine whether non-transit
behavior (e.g., foraging activity levels,
flight height) changes in/near the
wind farm footprint from pre- to
post-construction and whether those
changes can be attributed to the
wind farm.

S

Are transiting and
migratory behaviors of
marine birds affected by
wind farms and to
what degree?

1) Assess changes in transit behavior
(e.g., daily travel distance, movement
patterns) of marine birds that may
repeatedly encounter the wind farm
for foraging/roosting and whether
these changes lead to increase energy
expenditure;
2) Examine pre-migratory dispersal
and/or migratory movements of
birds in the vicinity of wind farms to
determine the level of avoidance and
if associated changes lead to
increased energy expenditure.

S

What are the effects of
marine bird displacement
on individual fitness?

1) Develop an understanding of
energy/activity budgets for marine
bird species to help understand the
potential effects of displacement on
survival or reproductive capacity;
2) Develop an understanding of
individual marine bird breeding
success and survival relative to
habitat use and displacement.

R

Does lighting at offshore
wind farms cause nocturnal
attraction and/or
disorientation in marine
birds or avian migrants?

1) Examine whether flood lighting
and lighting on boats and substations
during construction and
maintenance activities causes
nocturnal attraction and
disorientation of birds and to what
degree;
2) Examine the degree of nocturnal
attraction that occurs around
operational turbines that use Aircraft
Detection Lighting Systems versus

S-M

(Continued)
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increase in biomass of upper-trophic-level species versus

concentrating existing biomass from the surrounding area

(Wilhelmsson and Malm, 2008; Inger et al., 2009). There is some

evidence that offshore oil and gas structures support more fish

production than surrounding hard habitats, but this has not yet

been demonstrated for OWED structures (Gill et al., 2020). New

studies in Europe are examining the links between changes in lower

trophic levels and marine bird distributions1. Regardless of whether

OWED facilities support increased biomass of predators such as

seabirds or merely aggregate these animals, attraction to new

foraging and perching opportunities at OWED facilities may

indirectly lead to changes in fitness via such mechanisms as

increased energy intake (due to increased prey availability),

decreased energy expenditure (due to perching opportunities in

new locations), or increased mortality (if attracted animals use

altitudes in the rotor-swept zone of turbines as well as near the

water’s surface).

Offshore wind development is also predicted to alter the local

physical environment through changes in stratification (Floeter

et al., 2017; Schultze et al., 2020), suspended sediment

(Vanhellemont and Ruddick, 2014), and wind- and ocean-wake

effects (Djath et al., 2018; Platis et al., 2018; Schultze et al., 2020),

which can influence lower-trophic-level species (e.g., benthos,

fishes) and in turn mediate changes in the resource availability

and distribution of marine birds. The ecological implications of

oceanographic change around offshore wind structures are not well

explored (van Berkel et al., 2020; Carpenter et al., 2021). However,

wake dynamics around tidal energy turbines have led to localized

and persistent foraging opportunities for terns, suggesting that

localized changes in oceanographic conditions may play a role in

resource availability (Lieber et al., 2021).
7.2 Research gaps

Three research questions were identified in this topic area,

focusing on the effects of benthic and oceanographic change on
1 PREDICT Project. https://eri.ac.uk/predict/
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marine birds (Table 4). These changes may be short-term (e.g., in

relation to disturbance from cable-laying or other construction

activities) but are generally thought to be much longer-term in

their potential effects, especially given that successional changes to

benthic communities appear to continue at least 11 years following

commencement of OWED operations (Zupan et al., 2023). The

likely changes in foraging habitat in relation to OWED (e.g., via

artificial reef effects and wake effects) may attract marine birds as

well as potentially changing the carrying capacity of the ecosystem,

both of which have implications for understanding the net effects of

OWED on wildlife.
8 Population-level responses and
cumulative effects from offshore
wind development

8.1 Current knowledge

OWED effects on birds and bats that cause changes in survival

and/or breeding success may result in population-level

consequences. Collisions are direct mortality events, and so can

directly influence population size; this is particularly true for species

with small populations, where losses of even relatively few
TABLE 3 Continued

Research Question Goals Scale

those with aircraft safety lights on
all night.

How do bat interactions
with wind turbines differ
between offshore and
onshore wind farms?

1) Examine how bats interact with
offshore wind turbines at the micro
scale to determine whether behaviors
are similar to those observed at
onshore wind farms;
2) Investigate the potential for
attraction to offshore wind turbines
associated with foraging, roosting, or
mating behavior.

M

The table is divided by category to indicate the type of question (as identified in the research
framework). “Scale” indicates the geographic scale at which the research should be conducted
[individual wind farm site (S), multiple wind farms (M), and broader region (R)]. For
additional information on methods for examining research questions, see Appendix 1.
TABLE 4 Research questions/goals to improve understanding of
habitat-mediated effects to birds and bats from offshore wind energy
development in the U.S. Atlantic.

Research
Question

Goals Scale

Do changes in the
underwater
community around
turbine foundations
affect the long-term
distribution,
abundance, or diet of
marine birds?

1) Examine changes in benthic and pelagic
community composition and biomass over
time following wind farm construction;
2) Assess degree of long-term changes in
the local abundance, distribution, and diet
of marine birds at different trophic levels
in relation to availability of benthic and
pelagic prey populations.

S-R

How does disturbance
of benthic habitat
from wind energy
construction affect
marine bird
distributions, diet, and
reproductive success?

1) Examine short-term (e.g., during and
immediately after construction) effects of
cable-laying and other activities on benthic
prey populations and avian distributions,
with a focus on predator-prey groups of
particular interest (e.g., sand lance and
roseate terns);
2) Examine changes in avian diet and
reproductive success at active breeding
colonies when construction is occurring
within foraging range.

S

Do changes in
oceanographic
conditions in
proximity to offshore
wind farms affect
marine
bird distributions?

1) Examine changes in stratification, water
temperature, wind wakes, and other
environmental conditions in proximity to
offshore wind farms, and assess the scale
at which such effects occur;
2) Assess whether changes in
oceanographic conditions are directly
affecting marine bird distributions.

S

front
The table is divided by category to indicate the type of question (as identified in the research
framework). “Scale” indicates the geographic scale at which the research should be conducted
[individual wind farm site (S), multiple wind farms (M), and broader region (R)]. For
additional information on methods for examining research questions, see Appendix 1.
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individuals can have significant consequences for the resilience of

the population. Changes in habitat and behavior may affect fitness

less directly (i.e. by affecting reproductive success, body condition/

stress, carry-over effects between seasons and life history stages)

leading to changes in population size and structure that are difficult

to quantify. Life history strategy affects the population sensitivity,

and thus the vulnerability, of species to different types of fitness

effects. For example, species with high adult survival and low

reproductive rates may be particularly vulnerable to collision

mortality that directly affects adult survival rates (Allison et al.,

2019), whereas species reliant on high reproductive outputs may be

more vulnerable to effects on reproductive success.

8.1.1 Marine birds
Our current understanding of population-level and

demographic consequences from OWED is largely based on

population models, with a focus on marine birds. Estimates for

population-level collision impacts have been modeled in Europe

(Brabant et al., 2015), though understanding the consequences of

such mortality levels can be difficult, as identification of acceptable

thresholds for population decline will depend on species-specific

population dynamics (Furness et al., 2013). Tools such as SeabORD

(Searle et al., 2018) estimate population-level consequences of

displacement by predicting time and energy budgets of marine

birds, which are then translated into projections of adult annual

survival and productivity. Population Viability Assessments (PVAs)

have also been used as a tool to better understand potential

population-level impacts of displacement (Cook and Robinson,

2017). There are ongoing efforts to examine the energetic

consequences of displacement (e.g., Duckworth et al., 2020),

which will help to validate these models.

8.1.2 Diurnal and nocturnal avian migrants
Some efforts have examined the potential for cumulative

collision impacts to avian migrants across offshore wind farms in

the North Sea. For example, Brabant et al. (2015) used visual survey

and radar data to estimate parameters for a CRM for thrushes

(Turdus spp.), using a mix of taxon-specific parameter estimates

and general values for parameters, such as micro-avoidance, where

no thrush-specific data were available. They extrapolated wind-

farm-specific collision risk estimates from this CRM to a buildout

scenario of 10,000 turbines in the North Sea and estimated >5,000

collisions of thrushes could occur during a single night of heavy

migration. Similarly, in Belgium, it was estimated that 761 songbird

collisions would potentially occur during 14 hours of heavy

migration during a single fall season across all wind farms in the

country (Degraer et al., 2021). Such estimates rely on the accuracy

of CRMs, which have not been validated for any songbird species in

the offshore environment. The effects of such levels of mortality on

songbird population dynamics have not been calculated; however,

similar assessments for terrestrial wind energy in the United States

have concluded that collision mortality with wind turbines is

generally not a population-level concern for passerines (Erickson

et al., 2014). Mortality for some raptor species, given their higher

adult survival rates, has been a more substantial management
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concern for terrestrial wind energy in the United States (Allison

et al., 2019) and globally (Watson et al., 2018).

8.1.3 Bats
There have been efforts to investigate the degree to which

fatalities from terrestrial wind farms could impact population

viability for particular species, such as the hoary bat (Frick et al.,

2017; Friedenberg and Frick, 2021) as well as examinations of

regional-scale population dynamics (Rodhouse et al., 2019).

Assessing the cumulative impacts to bats from OWED will first

require an improved understanding of exposure and effects in this

taxon in the offshore environment.

8.1.4 Effects of multiple stressors
If U.S. OWED goals are achieved, bird and bat populations will

be cumulatively exposed to thousands of turbines (Goodale and

Milman, 2016). Thus, understanding cumulative impacts is

ecologically important and required in U.S. environmental impact

assessments [40 C.F.R. §1508.25]. There have been some efforts to

develop cumulative impact frameworks (Masden et al., 2010a;

Goodale and Milman, 2016) as well as efforts to understand

cumulative impacts for particular species (Goodale and Milman,

2020) and types of effects (Busch et al., 2013), and to develop

research priorities to improve our understanding of cumulative

impacts (Cook et al., 2021; Hein et al., 2021). Efforts to model

cumulative impacts across species of birds and bats in the southern

North Sea suggests that gull species and northern gannets may be

most vulnerable to cumulative effects and potential population

declines with full build-out of offshore wind farms in that region

(Leopold et al., 2015; Potiek et al., 2022). However, limitations exist

in these efforts due to a lack of information on exposure and

population size for many species, as well as uncertainty around

number, sizing, and spacing of turbines for future projects.

Moreover, there is currently a poor understanding of how the

impacts of OWED may interact with those of other stressors (e.g.,

commercial fishing, climate change).
8.2 Research gaps

Several questions were identified to help better understand

potential population-level responses and cumulative effects to

birds and bats from OWED (Table 5). Gaining an improved

understanding of these cumulative effects is the primary goal of

the research framework presented in this paper, but is challenging

to achieve. It requires demonstration of individual effects, an

understanding of the variation in those effects across space and

time, and knowledge of how different types of effects may interact.

In addition, those individual effects must then be translated into

impacts to individual fitness and, by extension, to populations,

given population size, structure, and other demographic

parameters. As a result, we identify relatively few questions in this

category as immediate priorities, recognizing that answers to basic

questions on exposure and effects (Table 1) are in many cases

necessary to adequately assess population-level cumulative effects.
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However, this does not imply that understanding population-level

effects and cumulative impacts is less urgent or important, but

rather that this research gap culminates from fundamental gaps in

basic research needs.
9 Recommendations and conclusions

9.1 Suggestions for further prioritization
of research

Based on the above framework and existing knowledge, we have

identified 22 key research gaps, to be addressed to understand

potential effects of OWED on birds and bats in the U.S. Atlantic

(Tables 1–5). Different management decisions require different

priorities, but in general (and in no particular order), further

prioritization and the development of research studies on these

topics should consider the degree to which studies:

Are feasible and practicable. Study designs should be based on

available methods and the scope of the question. Consideration

should focus on whether the available methods and study designs

will provide an effective test of the hypothesis and answer the

question with reasonable confidence.

Inform adaptive monitoring and management. Results should

help to inform decisions for existing or future projects via permitting

decisions, operational implications, mitigation actions, incorporating

new technologies into monitoring programs, or other means.

Address urgent information needs. Research that will be most

likely to effectively improve our understanding, address permitting

risk, and inform decision making should be prioritized.
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Focus on stressors with the greatest likely effect. This includes

stressors with the greatest likelihood of causing a population-level

decline, which may be species- or community-specific.

Leverage existing resources. There is value in promoting regional

coordination and maximizing logistical and cost efficiencies.

Balance needs at different spatial and temporal scales, including

a focus on studies to better understand cumulative effects. There is a

trade-off between research with a clear nexus for short-term action

(e.g., permitting, mitigation) and broad-scale, population-wide

strategic studies. The latter approach is particularly important in

the context of other stressors, including climate change, and in

examining cumulative impacts. Both types of research are

important to ensure the best long-term outcomes for wildlife and

the offshore wind industry. Where possible, utilizing consistent

methods for data collection, storage, and metadata among short-

term research efforts can increase utility of these data to inform

broad-scale assessments.

Focus on priority species. Some questions are species-specific,

including those driven by the ESA regulatory process; others are

more generally focused on understanding the types and degree of

effects expected for various taxa. Thus, priority species can be

defined in several ways:
o Species of conservation concern. Species listed under the U.S.

ESA and under endangered species acts within various U.S.

states are clear regulatory priorities. Species with other

designations could also be prioritized, including FWS

Birds of Conservation Concern and species listed in State

Wildlife Action Plans as Species of Greatest Conservation

Need. As it may be difficult to obtain sufficient sample sizes

of endangered or declining species for robust analysis, the

use of surrogate species may be considered, but should only

be used with caution (Caro et al., 2005; Murphy et al., 2011)

and after careful consideration of ecological niche,

morphology, and behavior, as well as the type and scale

of the question.

o Species most likely to be affected, as determined by local

conditions and existing knowledge from other regions or

industries. Red-throated loons, gannets, terns, auks, and

migratory tree-roosting bats are examples of species and

taxa likely to be affected based on current knowledge.

o Species for which we have substantial existing knowledge.

Effective study design, particularly to understand

population-level impacts, may be more achievable for

well-studied, data-rich populations. This may include

common species, like some gulls, and species for which

we have a high level of baseline information on population

dynamics and demography, such as species nesting at

regularly monitored colonies (e.g., northern gannets) or

highly managed colonies (e.g., some tern populations).

o Species for which little is known about potential impacts. By

focusing on data-poor species, such as migrant songbirds,

shorebirds, and bats, we could expand our understanding of

the taxa affected by OWED.
TABLE 5 Research questions/goals to improve understanding of
potential population-level responses and cumulative effects to birds and
bats from offshore wind energy development in the U.S. Atlantic.

Research
Question

Goals Scale

What are the population-
level impacts of
displacement for
marine birds?

Develop population models to test for
specific changes in demographic
parameters for marine birds due to
offshore wind energy development.

R

How comparable are bat
collision fatality rates and
spatiotemporal patterns of
fatalities at offshore and
onshore wind farms?

1) Develop and validate technology for
detecting collisions offshore and assess
comparability of fatality estimation
methods onshore vs. offshore;
2) Assess numbers and timing of bat
collisions occurring at several offshore
wind farms and compare results to
patterns of mortality observed at
terrestrial wind farms at
similar latitudes.

M

Does the risk of collisions
predict a potential
population-level effect for
any taxa?

Develop population models to help
understand the scope of population-
level effects from offshore wind
development that could be detectable.

R

The table is divided by category to indicate the type of question (as identified in the research
framework). “Scale” indicates the geographic scale at which the research should be conducted
[individual wind farm site (S), multiple wind farms (M), and broader region (R)]. For
additional information on methods for examining research questions, see Appendix 1.
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Fron
o Species that play a key role in the structure and function of

the food web or ecosystem. It may be beneficial to focus on

“foundation species” that play key roles given that effects to

these species may have cascading or ecosystem-wide effects

(Lamy et al., 2020; Ansley et al., 2023).
Research questions (Table 1) are grouped by category of

response. Potential effects are contingent on exposure; thus, we

begin with questions relating to exposure, and in cases where

exposure occurs, the subsequent key questions are relevant to

understand potential effects and impacts relating to collision,

behavioral change, habitat change, and population-level

consequences. Geographic scale is categorized as (1) individual

wind farm (including cable route as well as the wind farm

footprint), (2) multiple wind farms, or (3) regional scale

(including locations that may not be directly associated with any

offshore wind development). A more detailed description of the

goals of each research question, as well as potential methods for

addressing these questions, are included in Appendix 1.
9.2 General study
design recommendations

Carefully designed studies can deal with the highly variable

marine environment and help ensure sufficient power to

differentiate the effects of OWED from other sources of variation.

While this can be both challenging and costly, investments in such

research early in the buildout of the offshore wind industry have

great potential to inform future decision making and minimize or

mitigate offshore wind energy’s effects to wildlife and their habitats.

Regardless of focus, it would be beneficial for research studies

relating to the effects of OWED on birds and bats to:

Identify an appropriate scale of study. Testable hypotheses

require identification of an appropriate geographic and temporal

scale. Rather than thinking at scales relevant to bird and bat

populations, the U.S. regulatory framework is focused at the

offshore wind project level. However, understanding effects and

scaling those effects to potential impacts requires research at

broader scales and coordination across projects. Some research

questions can be answered at the spatial scale of an individual

offshore wind project, while others may only be addressed through

data aggregation across multiple projects and over time, or by

conducting regional-scale studies that include data collection both

within and outside of project areas.

Identify appropriate sample size. Sample size and statistical

power are key considerations when designing studies. The sample

size necessary to have an appropriate level of inference will inform

the level of funding and data collection effort required to make

meaningful conclusions. Power analysis should be used to inform

the choice of sample size, incorporating existing data wherever

possible. Insomuch as existing data allow, the choice of effect size

value (e.g., for power analysis) should take into consideration

sources of variability, including taxonomy, seasonal and annual

fluctuations, and spatial variability.
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Identify informative parameters to reduce uncertainty.

Population-level impacts may manifest through changes to

productivity, survival, or other demographic parameters before

there are detectable changes in population abundance. Thus, we

should think critically about the factors driving change, and identify

informative population or ecosystem parameters to be measured.

Indirect effects, such as those related to habitat or prey populations,

may be more difficult to quantify than direct effects, and will require

particularly careful consideration of appropriate approaches to

detect change, determine causes, and understand the potential for

population-level consequences. In some cases, we lack the necessary

information to develop sound hypotheses about these connections.

We must work to fill those gaps in our basic understanding such

that we can better examine these indirect effects.

Design studies to differentiate effects from disparate sources.

Attributing effects to offshore wind development or other

stressors can be challenging, particularly given high levels of

natural variability in the marine ecosystem, ongoing changes in

the system related to climate change, highly migratory species that

cross multiple jurisdictions, effects that may vary across the annual

cycle, and the potential for carry-over effects between life history

periods. Baseline population and ecosystem monitoring, including

pre-construction data collection at project sites at appropriate

temporal and geographic scales of coverage for comparison to the

post-construction period, is necessary to understand pre-existing

environmental and population fluctuations prior to development

and be able to identify changes that are due to offshore wind energy

activities (see Maclean et al., 2013; Mendel et al., 2019). Before-After

Gradient (BAG) designs and other distance-based sampling designs

are more appropriate than Before-After Control-Impact (BACI)

designs for many types of studies examining OWED-related

changes to communities or ecosystems (Methratta, 2021).

Integrate study methods into OWED operations to improve

inference. In some cases, particularly in relation to directly

measuring collisions in the offshore environment, we lack the

technologies needed to answer some research questions (due to a

combination of technological limitations and cost). We must

continue to fund and prioritize the development and validation of

these technologies to help validate CRMs and improve our ability to

address research questions. Integration of different technologies and

study methods is important to take advantage of each approach’s

strengths and minimize their limitations. Safe, effective integration

of wildlife monitoring technologies into OWED infrastructure is

essential to deploy these technologies on the scale that will be

needed to answer key questions.

Standardize data collection and management. As increasing

resources are channeled into environmental monitoring, well-

considered and coordinated data collection is becoming

increasingly important (NYSERDA 2021). The collection,

reporting, and management of data in a consistent manner is

essential to collate data across projects to assess the consistency of

effects and address regional-scale research questions and large-scale

needs, including understanding cumulative impacts. Several recent

guidelines have been developed for standardized data collection in

relation to OWED (e.g., Loring et al., 2022).
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Prioritize data sharing and transparency. It is beneficial for both

raw data and derived data products to be made publicly available as

soon as feasible following quality assurance and quality control.

This includes effort data and other metadata to maximize the data’s

utility in informing future analyses, including regional-scale

assessments and meta-analyses (NYSERDA 2021).
10 Conclusions

A stakeholder workshop and expert workgroup process was

implemented to develop this research framework. Despite several

challenges (e.g., the COVID-19 pandemic), this process was effective

in identifying research needs and developing a broader framework for

considering OWED impacts to bird and bat taxa. The success of this

effort was due to the involvement of scientists and resource managers

with wide-ranging expertise, including methodological, statistical,

OWED-specific, and taxonomic specialization, as well as financial

support for workshop facilitation and for the development of this

product by the authors. Expert knowledge from European

collaborators, who brought a wealth of knowledge from previous

OWED-focused studies in the North Sea and Baltic Sea, was also

essential to ensure the primarily U.S.-based group was kept informed

of existing data and research with relevance to the emerging

U.S. context.

This framework aims to identify key research questions to

understand exposure, collision-related effects, behavioral effects, and

resource-mediated effects of OWED on birds and bats in the U.S.

Atlantic. Many data gaps exist despite knowledge gained from the

European offshore wind industry, other industries, and initial studies in

the U.S. OWED context. We lack understanding of how responses and

effects may differ in the U.S. context as compared to the North Sea and

Baltic Sea, where much of the world’s OWED research has occurred to

date. There are substantial differences between these regions in relation

to wind farm characteristics, substrate types, oceanographic conditions,

community composition, life history stages at which birds are most

commonly interacting with offshore structures, and ecosystem

function, among other factors. For example, much of the European

research on birds/bats and OWED to date has focused on breeding

seabirds, while inmany parts of the world (including the U.S. Atlantic),

nonbreeding and migrating taxa may be much more prevalent and

exposed to development activities. Thus, we must take care to design

and implement new research to improve our collective understanding

of the effects of offshore wind development on birds and bats, both in

the eastern United States as well as other regions around the globe

where the OWED industry is growing.

Advanced planning, coordination, and careful study design will

help ensure that data collection can meaningfully answer questions

and feed into a broader understanding of cumulative anthropogenic

impacts to birds and bats from a range of sources. We can then use

this knowledge to inform decision-making for current and future

offshore wind energy projects, including siting projects to avoid

impacts to sensitive species, more accurately address risks posed by

proposed projects, and determine the need for mitigation efforts to

more effectively conserve imperiled species. Quantification of

OWED’s effects to birds and bats, as well as potential fitness
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consequences, will be essential to inform mitigation measures that

may be needed to achieve net positive global impacts of OWED on

wildlife and ecosystems.

Collaboration will be key to maximize resources and collect data

to answer long-term and regional-scale questions. This framework

can act as a starting point for regional efforts to develop detailed plans

and implement research related to impacts from offshore wind

development on birds and bats in the U.S. Atlantic and elsewhere.
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