OFFSHORE
WIND FACTS

‘ COASTAL AND MARINE HABITATS

What you should know:

Coastal areas are important habitats for a wide array of ocean and land-based
species. While offshore wind development can disturb these habitats during the
installation of export power cables, regulations and best practices help to
substantially minimize potential disturbances.

Some species move vertically within the water column (surface to seafloor) at
different life stages or in response to changes in ocean temperatures, prey
availability, or day/night cycles. Alterations to the ocean environment can hinder the
ability of these species to navigate the water column effectively.

Climate change poses a major threat to coastal and marine ecosystems through
rising sea levels and increased ocean acidity. Elevated atmospheric carbon
dioxide (CO2) levels led to ocean acidification, which impairs coral growth and
impacts organisms that rely on calcium carbonate to form shells and
exoskeletons.

Studies have found that offshore wind structures may influence local ocean
circulation, depending on the surrounding environment and the size and scale of the
offshore wind farm (visit Deeper Dive: Ocean Hydrodynamics to read more). These
changes have the potential to alter phytoplankton productivity and larvae
distribution. However, distinguishing the impacts of offshore wind from those caused
by the broader effects of climate change remains challenging.

Offshore wind infrastructure is subject to review by state agencies under the Coastal
Zone Management Act and other regulations. For an overview of federal and state
jurisdictional roles in offshore wind development, see this Congressional Research

Service summary report.

Habitats Overview

Estuarine and Coastal

Although coastal habitats comprise only 3% of all marine ecosystems in the U.S. (Pew
Charitable Trusts, 2022), they are highly biodiverse and provide essential ecosystem
services. Key coastal habitats in the U.S. include rocky shorelines, wetlands (salt marshes
and mangrove forests), estuaries, seagrass meadows, kelp forests, oyster reefs, and coral
reefs. These diverse habitats support a wide array of species, including terrestrial and marine
invertebrates, fishes, marine and terrestrial mammals, plants, reptiles, amphibians, and birds.
Estuarine and coastal ecosystems offer a variety of services, from erosion and pollution
control to serving as nursery habitats for a wide range of wildlife (Barbier et al., 2011). For
example, seagrass beds along U.S. coastlines are designated as Essential Fish Habitat
(EFH) per the National Oceanic and Atmospheric Administration’s (NOAA) Fishery
Management Plans (NOAA, n.d.-a). The estimated value of the ecosystem services provided
by seagrass vary, with some valuations reaching as high as $141,000 per hectare. This
includes contributions to commercial and recreation fisheries, tourism, and coastline
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protection (Dewsbury et al., 2016). A significant portion of this value is attributed to the
essential habitats seagrass provides for juvenile, economically-important fish species such as
Atlantic cod, pollock, winter flounder, white hake, and red hake.

Seafloor

The seafloor is the ground surface beneath ocean waters. It begins at coastal shorelines and
transitions to the shallow continental shelf and slope, extending to the bottom of submarine
canyons and trenches (Figure 1). Seafloor habitats, also known as benthic habitats, vary
based on depth, substrate type, and the amount of light that reaches them. Coastal zone and
continental shelf habitats, such as coral reefs and kelp forests, are typically highly productive
and nutrient-rich, supporting a wide diversity of marine life. In contrast, deeper regions of the
ocean tend to be nutrient-poor and less biodiverse (Carney, 2005). While gently sloping, soft-
bottom habitats are common in deep-sea environments, the ocean floor can also feature
rocky outcrops, steep sea mounts, and hydrothermal vents. These complex habitats host a
range of marine organisms specially adapted to the conditions of deep, dark benthic zones
(Levin & Dayton, 2009). Benthic organisms include species that live on the surface of the
seafloor (e.g., coral, algae, seaweed, barnacles, crabs, and sea stars), as well as those that
burrow into seafloor sediment or other substrate (e.g., microorganisms, worms, clams, and
certain types of crustaceans). Certain fish and invertebrate species are exclusively found in
specific benthic habitats (e.g., tube worms at hydrothermal vent sites) and rely on these
habitats for feeding, spawning, and protection.
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Figure 1. Seafloor features from a depth of 0 to 35,00 feet (NOAA, n.d.-b).

Open Water Column

The water column, which is the mass of water extending from the seafloor to the ocean
surface, is also home to a wide variety of marine organisms. Species that live and feed
exclusively within the water column are referred to as pelagic species, although some
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species are considered pelagic only during specific life stages. The pelagic environment is
divided into two zones: the neritic zone and the oceanic zone (Figure 2). The neritic zone
spans from the ocean surface down to a depth of about 660 feet (Boaden & Seed, 1985).
The abundance of light, phytoplankton, and nutrients in this upper region of the water column
supports a high diversity of organisms that are vital to ocean ecosystems. In contrast, the
deeper oceanic zone, extending from 660 feet to the seafloor, supports lower biodiversity and
organism abundance. This is largely because the distribution of species in the water column
is highly dependent on light, nutrient availability, temperature, salinity, and pressure, which all
vary with depth (Sayre et al., 2017).

Coastal Ocean Elua Water

Coast | Neritic Zone |

Pelagic
Environment

Figure 2. Pelagic and benthic environments in the ocean (Sayre et al., 2017).

Climate Change Effects

Climate change can impact coastal and marine ecosystems through ocean acidification,
increased temperatures, and sea-level rise.

Ocean Acidification

Ocean acidification is the process by which atmospheric CO: is absorbed into the ocean,
resulting in increased acidity. As atmospheric CO:levels rise, the ocean absorbs
approximately 40% of this excess COz, playing an important role in regulating the global
climate (Cao et al., 2009; Feely et al., 2004; Sabine et al., 2004).

Reef-building organisms, which construct skeletons or shells from calcium carbonate, are key
components of benthic habitats and play a crucial role in supporting the function of these
ecosystems. These organisms include corals and bivalves (e.g., mussels, clams, and
oysters) and echinoderms (e.g., sea stars and sea urchins). Increasing ocean acidity poses a
serious threat to these reef- and shell building organisms, as lower pH levels reduce the
availability of calcium carbonate used to build and maintain their skeletons and shells.
Furthermore, acidic conditions can erode existing shells and skeletons, resulting in weaker,
deformed structures (Figure 3) (Foster et al., 2016). As acidification intensifies, these
organisms will face greater challenges, likely leading to significant shifts in the composition of
benthic communities (Birchenough et al., 2015).
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Figure 3. A and B represent x-ray and scanning electron microscope (SEM) images of a normal single polyp juvenile
coral skeleton and | and J represent x-ray and SEM images of a single polyp coral skeleton exposed to high levels
of carbon dioxide, or acidic conditions (Foster et al., 2016).

Increased Temperatures

Rising ocean temperatures may alter the distribution of benthic species, shift reproductive
timing, and ultimately affect the survival of individual species (Birchenough et al., 2015).
Reef-building species are among the most vulnerable to warming waters, often experiencing
reduced growth, reproduction, and survival rates (Hoppit & Schmidt, 2022). In contrast,
fleshy algae species appear to be largely resilient to climate change stressors.

Higher ocean temperatures may also affect pelagic marine organisms. Some species may
change their behavior to avoid warmer water, while others may be redistributed by shifting
ocean currents (Beaugrand & Kirby, 2018). For example, pelagic zooplankton may move
deeper in the water column to escape warmer surface temperatures during the day. Larger
organisms that feed on zooplankton may follow, leading to changes in species-specific
feeding behaviors and broader disruptions to food web dynamics and ecosystem function
(Beaugrand & Kirby, 2018). If temperature changes become too extreme, the added stress
placed on pelagic organisms to locate suitable habitat could cause local populations to
decline, disappear, or relocate to cooler waters if possible (Morley et al., 2018).

Rising sea surface temperatures may also alter ocean circulation patterns, as warmer
conditions influence both the location and volume of freshwater input into the ocean—such
as glacial meltwater (Goreau et al., 2005). These changes in circulation can affect both
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benthic and pelagic habitats by altering regional water temperatures, current patterns, food
availability, and the dispersal and settlement of pelagic larvae (Przeslawski et al., 2008). For
benthic organisms already under reproductive stress from warmer waters, disrupted larval
dispersal patterns may result in significant population declines (Birchenough et al., 2015).

Increased temperatures have also been linked to more intense storms and longer hurricane
seasons (Buis, 2020; National Centers for Environmental Information [NCEI], 2021).
Shoreline erosion and shifts in rainfall caused by these storms may push coastal habitats to
the limit, threatening the resilience and persistence of ecosystems already under stress from
ocean acidification and sea-level rise (Zedler, 2010). Increased shoreline erosion may trap
coastal habitats between advancing shorelines and fixed urban infrastructure, significantly
reducing the future extent of these critical ecosystems (Pontee, 2013).

Sea-level Rise

Sea-level rise will impact coastal habitats, such as wetlands (i.e., salt marshes and mangrove
forests), as rising seas force these habitats to migrate landward to keep pace or risk
drowning. Salt marshes are essential habitats for both temperate coastal and estuarine
species, serving as valuable nurseries for commercially important shellfish and fish and
providing diverse habitat for terrestrial species (Teixeira et al., 2014). Salt marsh meadows
along rivers and coastal inlets act like sponges, reducing coastal flooding and erosion and
trapping sediment suspended in the water, allowing the marsh to grow both vertically and
horizontally over time (U.S. Environmental Protection Agency [EPA], 2022). For a marsh to
persist, it must be able to rise in elevation by accumulating suspended sediment and building
on top of old marsh grasses at a rate that matches local sea-level rise (Raposa et al., 2016).
If rising sea levels outpace the vertical marsh growth, standing saltwater left behind after
each tide may inhibit the growth of marsh grasses and substantially alter habitat conditions
for local species (Gedan et al., 2011).

Offshore Wind Effects

Any infrastructure project, including offshore wind development, can impact the surrounding
environment. Affected areas may include estuaries, coastal habitats, the seafloor, and the
water column..

Estuarine and Coastal

Offshore wind projects primarily interact with coastal habitats and wildlife through the placement of
subsea export cables that transmit power from offshore wind turbines and service platforms back to
land. As these power cables cross coastal waters, the effects of cable installation can pose concerns for
coastal habitats. Installation activities, including burying cables or laying them atop the seafloor, can
negatively impact habitats by temporarily disturbing bottom sediments, altering shoreline erosion
patterns near cable landings, or causing direct mortality to coastal species during the cable-laying
process. These effects are relatively understudied; however, designs and permits are intended to

minimize coastal disturbance to the greatest extent feasible.

Seafloor

The construction of offshore wind farms, including installing turbine foundations, clearing
boulders and sand waves, and laying subsea power cables, can impact seafloor habitats and
benthic marine organisms. Foundations and power cables are typically installed on soft-
bottom sediments. Cable installation in these areas can create local plumes of suspended
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sediment, which may adversely affect benthic species, particularly during sensitive egg and
larval stages (Michel et al., 2013). However, unless a large volume of sediment is redeposited
on the seafloor, these impacts on benthic habitats and slow-moving or “sessile” organisms
(i.e., permanently attached organisms such as polyps) are generally localized and temporary.
The most significant effects usually arise from the removal of seafloor features, like rocky
outcrops, that provide habitat for specialized marine organisms; removing these features may
cause local populations to relocate.

Although construction and installation can directly impact benthic marine organisms, most
benthic habitats recover relatively quickly (Desprez, 2000; Dernie et al., 2003; de Marignac et
al., 2009; BOEM, 2020). Seafloor features such as sand waves and depressions are shaped
by natural sediment transport processes (Dalyander et al., 2013), allowing these habitats to
naturally recover from construction disturbances within a short period.

The introduction of hard substrates by offshore wind turbine foundations and the surrounding scour
protection, can enhance local marine ecosystems by creating new habitat, an effect known as the “reef
effect.” This phenomenon often results in increased biomass and greater habitat diversity following
construction (Degraer et al., 2020, Methratta et al., 2019). At the Block Island Wind Farm, for example,
researchers observed minimal direct environmental impacts from construction and noted a significant
rise in habitat complexity and biological activity over time. Four years post-construction, the site
exhibited a super-abundance of blue mussels colonizing turbine foundations, enriched sediments from
organic matter, and growing populations of structure-oriented fish like black sea bass (BOEM, 2020).
Similarly, South Fork Wind (SFW), located off the coasts of Block Island and Montauk Point, has shown
promising early results through a comprehensive benthic monitoring program led by INSPIRE
Environmental and Marine Imaging Technologies. Surveys conducted before, during, and after
construction (2022-2024) found no significant disturbance to soft sediments or infaunal communities
(i.e., benthic organisms that live within the sediment) and documented robust epifaunal (i.e., benthic
organisms that live on the substrate) colonization and increased presence of key marine species near
the new structures. These consistent findings from two separate locations reinforce the idea that
offshore wind infrastructure can not only coexist with marine ecosystems but may also enhance them.
Monitoring at SFW will continue through at least 2029 (INSPIRE Environmental, 2025).

To learn more about the reef effect see Fish and Invertebrates.

Open Water Column

Once offshore wind farms become operational, some may utilize offshore converter stations, which
collect power from wind turbines and convert it to high-voltage direct currents (HVDC) for transmission to
shore. These converter stations require the use of cooling water intake systems (CWIS), which take in
sea water and discharge heated effluent (liquid waste) back into the surrounding environment. Although
there are concerns about the potential effects of CWIS on fish and larvae, research has shown that
these systems have minimal impact on populations of benthic marine organisms and fish (White et al.,
2010; Barnthouse, 2013). Heated water discharged from the system is generally confined to the
immediate vicinity of the converter stations. As offshore wind development expands, each project must
assess the potential impacts of CWIS and thermal discharge and identify appropriate mitigation
measures during the environmental permitting process. For more information on the effects of CWIS in
offshore wind operations see Fish and Invertebrates.

Spotlight Question: Can offshore wind impact ocean currents or
mixing?

Ocean currents and mixing patterns are complex and occur in both surface waters, typically
within the first few hundred meters, and in the deeper waters below. In upper surface waters,
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currents and mixing are primarily driven by surface wind patterns, which moves the water in
large circulating gyres. In contrast, deep ocean currents and mixing are largely influenced by
differences in water density, which result from variations in temperature and salinity. Warmer,
less dense water tends to rise, while colder, denser water sinks, creating vertical movement.

As climate change continues to cause global air and ocean temperatures to rise, both surface
and deep ocean current patterns may shift in strength or direction. These changes could
have far-reaching effects, including altered weather patterns, shifts in marine species
distributions, and impacts on food production and freshwater availability on land (Toggweiler
& Key, 2001; Luo & Rothstein, 2011).

Existing understanding of the effects of offshore wind farms on ocean mixing and currents is primarily
based on modeling studies of European wind farms. These studies suggest that ocean flow around
individual wind turbines may:

¢ Increase mixing of the surface ocean layer; and

e Increase the suspension of sediments (Dorrell et al., 2022; Schultze et al., 2020;
Vanhellemont & Ruddick, 2014).

At the scale of entire wind farms, studies have suggested that the cumulative effect of multiple turbines
may:

¢ Reduce ocean surface wind speeds (Golbazi et al., 2022);

e Reduce ocean current speeds (Christiansen et al., 2022); and

¢ Increase ocean mixing in the vicinity of a wind farm (Floeter et al., 2017).

Most of these wind farms are located in the North Sea, a region with depths similar to those of
the U.S. East Coast continental shelf. However, it differs significantly in wind patterns and
ocean circulation, as the North Sea is largely enclosed.

The National Academies of Sciences, Engineering, and Medicine (NASEM) recently evaluated the
potential impacts of offshore wind development on ocean mixing, currents, and regional ecology off the
U.S. East Coast, with a focus on the Nantucket Shoals area. The study concluded that the effects of
offshore wind farm construction and operation on regional ecosystems will likely be difficult to
distinguish, primarily because the region is already undergoing significant oceanographic changes

driven by more than two decades of climate change (NASEM, 2023). The NASEM report highlighted the

continued need for research to better understand how offshore wind energy projects may influence
regional ocean circulation and ecological dynamics.
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Figure 4. Spatial scales of wind energy development hydrodynamic effects (NASEM, 2023)

Mitigation Innovations

While some effects may be unavoidable, all potential impacts from an offshore wind project
are evaluated within a mitigation framework. The aim of this framework is to avoid, minimize,
or mitigate adverse effects as much as is feasible. Offshore wind developers use best
management practices, modeling, surveying, and monitoring to minimize impacts to coastal
habitats during construction, installation, and operation. Seafloor mapping and monitoring
surveys are conducted for multiple reasons during the pre-construction, construction, and
post-construction phases of an offshore wind farm. Seafloor mapping surveys are used to
identify habitat types within an offshore wind project area, including potentially sensitive
habitats that should be avoided. Monitoring surveys help assess baseline conditions of the
marine environment, evaluate the impacts of construction activities, track habitat recovery,
and document the development of new ecosystems around installed structures. This
information enables developers to appropriately site offshore wind turbines and export power
cable routes, evaluate environmental changes in affected areas, and implement additional
measures to mitigate negative impacts.

Estuarine and Coastal

During the planning and installation phases, onshore power cable routes are strategically
designed to avoid natural habitats and minimize vegetation removal. For example, most
cables are routed through previously developed land, such as beneath existing roadways. To
protect wetlands and waterbodies, onshore construction must follow best management
practices that control and prevent sediment erosion. In the coastal zone, further impacts to
sensitive habitats near landfall sites are typically avoided by using horizontal directional drilling
(HDD). HDD involves drilling horizontally beneath sensitive habitats to create safe entry and
exit points outside the existing habitat footprint. This technique allows cables to be installed
beneath beaches, eelgrass beds, oyster reefs, intertidal zones, and coastal dunes without
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disturbing the habitat. Additionally, HDD installation typically buries cables up to approximately
100 feet (30 meters) below the seafloor—well beneath the oxygen-rich (aerobic) sediment
layer where most benthic infauna reside. This depth significantly reduces marine organisms’
exposure to electromagnetic fields (EMFs). To read more on EMFs, visit Deeper Dive:
Electromagnetic Fields.

Seafloor

Fisheries and benthic habitat monitoring surveys are conducted to assess baseline
conditions of the marine environment prior to the installation of offshore wind turbines and
subsea power cables. These data are used to monitor environmental recovery following
project installation and to inform the selection of turbine locations and power cable routes.
Offshore wind developers aim to site turbines and cables in soft sediments, such as sand or
mud, whenever possible, as these habitats tend to recover more quickly after disturbance.

When interaction with complex habitats (e.g., hard seafloors, boulder fields, or reefs) is
unavoidable, turbines and cables may be micro-sited and carefully positioned to avoid direct
impacts. If the project cannot be rerouted, boulders may be removed and relocated to similar
habitat nearby to promote recolonization. Further, emerging technologies like ECOncrete
ECO Mats, the Reef Ball Foundation Layer Cake, and the Ecocean Biohut® are being used
to promote reef growth, act as shelter for benthic organisms, and provide ecosystem support
for specific species. For more information on habitat mitigation innovations see Fish and
Invertebrates. To explore current and emerging mitigation technologies used in offshore
wind farms, visit the Wind Energy Monitoring and Mitigation Technologies Tool | Tethys
nnl.gov).

Open Water Column

Construction activities can suspend sand, mud, and silt in the surrounding waters, creating a
condition known as turbidity. Modeling conducted prior to construction helps developers
assess the potential environmental impacts of construction-related turbidity and sediment
suspension. To minimize these effects, developers may use HDD at coastal landfall sites,
where the subsea export cable comes ashore. HDD is expected to suspend sediments at
levels comparable to natural baseline conditions.

One option to further reduce the cumulative environmental impacts of offshore subsea power
cables is to implement a shared offshore transmission system. Such a system efficiently
supports the large-scale and/or regional buildout of offshore wind farms while decreasing the
overall number of cable systems and installations required. Notably, it also reduces the
number of landfall locations along the coast. Several shared transmission projects have been
proposed for offshore wind development on the East Coast (National Renewable Energy Lab
[NREL] & Pacific Northwest National Laboratory [PNNL], 2024).
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